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Abstract 
Safety critical applications are heavily dependent on fault tolerant motor drives being 
capable of continuing to operate satisfactorily under faults. This research utilizes a 
fault tolerant PMAC motor drive with redundancy involving dual drives to provide 
parallel redundancy where each drive has electrically, magnetically, thermally and 
physically independent phases to improve its fault tolerant capabilities. PMAC motor 
drives  can  offer  high  power  and  torque  densities  which  are  essential  in  high 
performance applications, for example, more electric airplanes. 
In this thesis, two sensorless algorithms are proposed to estimate the rotor position 
in a fault tolerant three phase surface mounted sinusoidal PMAC motor drive with 
redundancy  under  normal  and  faulted  operating  conditions.  The  key  aims  are  to 
improve the reliability by eliminating the use of a position sensor which is one of 
major sources of failures, as well as by offering fault tolerant position estimation. 
The algorithms utilize measurements of the winding currents and phase voltages, to 
compute flux linkage increments without integration, hence producing the predicted 
position  values.  Estimation  errors  due  to  parameter  variations  and  inaccurate 
measurements  are  compensated  for  by  a  modified  phase locked  loop  technique 
which  forces  the  predicted  positions  to  track  the  flux  linkage  increments,  finally 
generating the rotor position estimate. 
The fault tolerant three phase sensorless position estimation method utilizes the 
measured data from the three phase windings in each drive, consequently obtaining a 
total  of  two  position  estimates.  However,  the  fault tolerant  two phase  sensorless 
position estimation method uses measurements from pairs of phases and produces 
three position estimates for each drive. Therefore, six position estimates are available 
in the dual drive system. In normal operation, all of these position estimates can be 
averaged  to  achieve  a  final  rotor  angle  estimate  in  both  schemes.  Under  faulted 
operating conditions, on the other hand, a final position estimate should be achieved 
by averaging position estimates obtained with measurements from healthy phases 
since  unacceptable  estimation  errors  can  be  created  by  making  use  of  measured 
values from phases with failures.    vi 
In  order  to  validate  the  effectiveness  of  the  proposed  fault tolerant  sensorless 
position estimation schemes, the algorithms were tested using both simulated data 
and offline measured data from an experimental fault tolerant PMAC motor drive 
system. 
In  the  healthy  condition,  both  techniques  presented  good  performance  with 
acceptable accuracies under low and high steady state speeds, starting from standstill 
and step load changes. In addition, they had robustness against parameter variations 
and measurement errors, as well as the ability to recover quickly from large incorrect 
initial  position  information.  Under  faulted  operating  conditions  such  as  sensor 
failures, however, the two phase sensorless method was more reliable than the three 
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1.1  Overview 
Electric motor drives have been increasingly used in safety critical applications whose 
failure or malfunction may result in serious injury or death, large capital loss or severe 
harm  to  the  environment.  There  are  various  well known  examples  of  safety  critical 
applications  such  as  electric  vehicles,  nuclear  power  plants,  airplanes  or  defence 
systems [1 8, 10 24]. Such applications have greatly depended on reliable motor drives 
with the ability to continue to operate satisfactorily in the occurrence of faults. These 
motor drives can be termed as fault tolerant motor drives [6 8, 10 24]. For example, 
when a fault occurs in an electric motor drive of an electric vehicle, the motor drive 
should be capable of continuing to run safely with modest performance degradation 
until it is stopped for repair. 
Although  a  large  number  of  faults  are  possible  in  fault tolerant  motor  drives,  a 
limited number of failures will be considered in this thesis such as 
a)  The inverter failures: power device short circuit, power device open circuit and 
DC link capacitor failure. 
b)  Motor  winding  failures:  winding  short circuit  at  the  terminals,  turn to turn 
short circuit in a phase winding, phase to phase short circuit, phase to ground 
short circuit, and winding open circuit. 
c)  The sensor, controller and power source related failures: current sensor faults, 
voltage sensor faults, position sensor faults, controller faults and power input 
source faults. 
1.2  Literature Review 




Switched reluctance motors (SRMs) have inherent fault tolerant features due to their 
magnetic  and  electrical  isolated  topologies  [6 8].  As  each  phase  is  wound  around 
separate stator poles using concentrated windings in a SRM, the phase windings are 
magnetically decoupled. This prevents a fault current in one winding from inducing 
high voltages in adjacent phases magnetically. If excitation of a faulty phase is removed 
in the SRM, a fault current cannot flow through the healthy phases. In addition, each 
phase is electrically isolated and uses a separate H bridge inverter. The end windings in 
the SRM do not overlap so that the possibility of a phase to phase fault is decreased 
significantly. The main drawbacks of the SRMs are high torque ripple, large vibration, 
high acoustic noise, low torque/power density and poor efficiency which may not be 
desirable in high performance applications such as aerospace where a low mass and 
high efficiency are critical [9 11, 14, 19 21, 23]. 
In contrast to the SRMs, permanent magnet alternating current (PMAC) motors have 
two sources of excitation. A conventional PMAC motor contains three phase armature 
windings  on  the  stator  with  an  − Y or  −    type  winding  configuration  and  a  rotor 
containing  permanent  magnets  for  providing  the  magnetic  field.  Using  high 
performance permanent magnet (PM) materials such as rare earth PMs, it can achieve a 
high power/torque per volume and excellent dynamic performance.  Therefore, PMAC 
motors  have  been  increasingly  utilized  in  high  performance  applications.  However, 
conventional PMAC motors are not inherently fault tolerant unlike the SRMs as they 
usually have phase windings which are coupled magnetically, electrically and thermally. 
In order to obtain fault tolerance in PMAC motor drives, a modular winding design 
methodology  can  be  adopted  to  achieve  physical,  magnetic,  electrical  and  thermal 
isolation between phase windings [10 24]. It was reported in a comparative study in 
[10], that the fault tolerant PMAC motor drive not only has the ability to achieve a 
similar degree of fault tolerance as the SRM drive but also can produce significantly 
larger torque and power densities than the SRM. It was found that the fault tolerant 
PMAC motors contained surface mounted permanent magnet rotors [10 22]. In these 
designs,  Halbach  array  permanent  magnets  mounted  on  the  rotor  were  utilized  to 
increase the air gap flux density. In some of these works, near ideal sinewave back EMF 
voltages were achieved [23, 24]. Different number of phases and back EMF profiles 
were also achieved in these studies including the motors with 3 phases [11 14], 4 phases 




with trapezoidal [11] or sinusoidal back EMF voltages [10, 12 24]. In order to achieve a 
parallel  redundancy  in  the  case  of  a  complete  motor  drive  breakdown  (such  as  a 
controller  or  power  source  failure),  a  dual  fault tolerant  PMAC  motor  drive  on  a 
common rotor shaft was proposed in [12 14], which also offers redundancy. 
Fault Detection  
When a fault occurs in a phase winding or a power device of a motor drive, it may lead 
to a catastrophic failure or may deteriorate seriously the performance of the motor drive 
if suitable actions are not taken. Consequently, the fault should be detected and isolated 
at an early stage to carry out the suitable post fault schemes minimizing the negative 
effect  on  the  motor  drive.  In  fault tolerant  PMAC  motor  drives,  extensive  fault 
detection and isolation (FDI) techniques have been proposed to detect the presence of 
faults accurately and eventually to isolate them [14, 18, 20 22].  
An approach to detect turn to turn faults due to the insulation breakdown was based 
on sensing phase currents in a six phase fault tolerant synchronous PM motor drive for 
an aircraft fuel pump [20, 21]. In this phase current sensing scheme, a lookup table was 
established to characterise the machine in terms of measured flux linkages with respect 
to  currents  and  rotor  angles.  In  each  PWM  interval  in  the  current  controllers,  the 
measured phase currents were compared with their expected values obtained from the 
lookup table to detect the shorted turn faults where predetermined threshold levels were 
decided experimentally. This technique was able to detect even a single shorted turn 
fault in real time. 
In  addition  to  the  phase  current  sensing  approach  described  above,  other  fault 
detection methods have been developed [14, 21]. One of them was based on the voltage 
drops  measured  across  the  conducting  power  switches  in  each  H bridge  inverter 
utilizing on state voltage sensors [21]. In this on state voltage sensing algorithm, the 
voltage drop measured was basically a function of the current flowing into a power 
device.  The  voltage  drop  was  compared  with  a  pre determined  value  to  generate  a 
digital signal indicating whether an excessive current was conducting through the power 
device or not. To detect and identify power device short circuit faults  and terminal 
short circuit faults in the winding phases, this approach made use of the digital signals 




Instead of the on state voltage sensing methodology described above, an alternative 
method  was  proposed  that  was  based  on  a  design  methodology  utilizing  the 
commercially available switch driver circuits in a fault tolerant PM brushless motor 
drive with redundancy [14]. In order to diagnose potential faults in both the inverters 
and the motor windings, the phase current sensing algorithm was combined with the on 
state voltage sensing scheme proposed in [21] or the fault detection method developed 
in [14]. However, a DC link capacitor fault was not considered in these papers.  
A technique for a five phase fault tolerant PMAC motor drive was developed in [18] 
to rapidly detect open and short circuit faults during current regulation. In the paper, in 
order to investigate the behaviour of the machine under normal and faulted operating 
conditions  involving  a  partially  short circuited  winding,  the  machine  was 
mathematically modelled and back EMF voltages were computed using the flux linkage 
data obtained from a two dimensional finite element analysis. In addition, a diagnostic 
index was proposed to provide quantitative information about fault severity and the 
ability to identify the faulty phase with respect to electrical angle. The detection of 
short circuit  faults  was  based  on  frequency  analysis  of  phase  voltages  in  a  current 
controlled drive. Although the method can provide early fault detection, it requires a 
voltage sensor for each phase. 
A  model based  fault  detection  and  isolation  technique  has  been  developed  to 
determine the presence of faults in a fault tolerant six phase PMAC motor drive in [22]. 
This  model based  technique  consisted  of  two  main  steps:  residual  generation  and 
decision  making.  In  this  method,  phase  current  estimators  utilizing  a  system  model 
produced estimates for the phase currents, which were then compared to the measured 
phase  currents,  generating  residuals.  To  avoid  spurious  fault  detection,  suitable 
threshold  levels  were  decided  for  the  residuals  with  a  sufficient  safety  margin  to 
diagnose the occurrence of faults.  
Remedial Control after Fault Detection 
Once a failure has been detected and isolated in the motor drives, suitable remedial 
actions may be taken to avoid the fault propagation to the adjacent phases for allowing 
them to continue to run satisfactorily or to compensate a torque loss due to the fault. A 
number of post fault strategies have been developed in the fault tolerant PMAC motor 




Remedial  approaches  for  open circuit  faults  were  addressed  in  multi phase  fault 
tolerant  brushless  DC  motor  drives  with  3,  4  or  5  phases,  where  the  fault tolerant 
brushless motor drives had surface mounted permanent magnets and trapezoidal back 
EMF voltages, and the windings were excited with rectangular currents [11]. Although 
average  output  torque  loss  can  be  compensated  by  increasing  current  values  in 
remaining winding phases after the occurrence  of an open circuit fault, high torque 
ripples are generated if there is an open circuit fault (such as a phase or power switch 
open circuit). In order to reduce the ripple torques, the RMS values of each remedial 
reference phase current are limited to current values which are higher values than the 
rated value. 
In  a  six phase  fault tolerant  PM  motor  drive  for  an  aircraft  fuel  pump,  two 
approaches have been developed to assure continued operation of the motor drive in a 
satisfactory manner after detection of faults [19 21]. When a shorted turn fault was 
detected in a winding phase, the terminals of that faulted winding were short circuited 
by simultaneously turning on two upper switches in a corresponding H bridge inverter 
[20, 21]. In the case of a short circuited power device, a phase containing the shorted 
power device was short circuited by turning on either two upper or two lower power 
switches of an H bridge inverter [19, 21]. 
In  [15],  an  optimal  torque  control  strategy  was  developed  for  fault tolerant  PM 
brushless motor drives to minimize a ripple torque under open circuit or short circuit 
faults.  This  technique  can  eliminate  a  severe  torque  ripple  due  to  a  faulted  phase. 
However, large time harmonics in phase currents produced a significant eddy current 
loss in permanent magnets mounted on the rotor. Some simulation results given in the 
paper confirmed the effect of the eddy current loss in the fault tolerant PM brushless 
machines with 4, 5 and 6 phases.  
Two  optimal  torque  control  methods  have  been  developed  for  fault tolerant  PM 
brushless  ac  motor  drives  in  [16,  17].  In  both  constant  torque  and  constant  power 
operating  regions,  these  methods  were  able  to  produce  a  ripple free  torque  under 
healthy and faulty conditions involving open circuit and short circuit faults. Also, the 
copper loss was minimized within the current and voltage constraints. However, the 




Three remedial strategies were proposed to compensate the torque loss due to faults 
in a fault tolerant PM brushless motor drive with redundancy in [14]. 
Sensorless Position Estimation Schemes 
As was stated previously, the PMAC motors can be divided into two categories based 
on the back EMF waveforms: trapezoidal PMAC motors with trapezoidal back EMF 
voltages and sinusoidal PMAC motors with sinusoidal back EMF voltages [25, 26]. In a 
trapezoidal PMAC motor (also known as a brushless DC motor), rectangular currents 
are applied to the stator windings to produce a maximum electromagnetic torque at 
minimum torque ripple. On the other hand, a sinusoidal PMAC motor should be excited 
with sinusoidal phase  currents to obtain a constant torque.  It can be noted that the 
winding  excitation  currents  in  both  motors  should  be  synchronized  with  the 
corresponding back EMF voltages varying with respect to the rotor angle. Therefore, the 
rotor position information should be known to generate suitable switching signals to 
drive a power converter for current commutation as well as current control. 
The rotor position can be obtained directly with a position sensor such as Hall effect 
sensors, an optical encoder or a resolver [25 27]. The position sensors can be the main 
source of failures and hence are a key factor in reducing the reliability of the drives [25 
27].  The  sensors  are  fragile  and  sensitive  to  environmental  factors  involving 
temperature,  humidity,  vibration,  shock,  noise  or  dust.  In  addition,  they  need 
maintenance and connection wires between the motor and the controller. The initial 
mechanical  assembly  also  is  critical  to  obtain  high  accuracy  position  sensing. 
Furthermore, the position sensors may increase rotor inertia, motor size and cost of the 
motor drives. Therefore, it is useful to obtain the rotor position information without 
utilizing a position sensor. 
A number of rotor position estimation techniques have been proposed in the literature 
to obtain the rotor position in PMAC motors without using a position sensor [22, 36 63, 
65 81]. In a trapezoidal PMAC motor, the rotor position detection is mainly based on 
back EMF sensing, third harmonic component sensing or detection of the conduction 
states of freewheeling diodes of the converter circuit in the unexcited phase [36 41]. 
However,  these  methods  have  poor  performance  at  low  speed  regions  and  require 




Some other techniques are based on the estimation of the rotor position using state 
observers, Kalman filters, hypothetical rotor position or flux linkages which require 
measured terminal voltages and winding currents in the PMAC motor [42 63]. However, 
such  techniques  have  several  disadvantages.  They  require  expensive  and  powerful 
processors since they perform complicated computations.  In addition,  most of these 
techniques  are  sensitive  to  parameter  changes  due  to  temperature  and  saturation. 
Furthermore, these schemes have limited performance at low speed operation mainly 
due to the integrator drift. 
Numerous sensorless position estimation techniques to obtain the rotor position in the 
PMAC motors have utilized magnetic saliencies due to geometric construction (such as 
salient pole machines) or saturation [65 81]. However, there is no inherent saliency in 
surface mounted PMAC machines where the magnetic saliencies may only be produced 
by  the  magnetic  saturation.  Although  most  of  the  magnetic saliency  based  methods 
have utilized signal injection including pulses or sinusoidal signals to extract the rotor 
position information from the magnetic saliencies [68 81], a few techniques did not 
utilize an external signal to track the inductance variation that is rotor dependent [65 67]. 
One of the advantages of such techniques is that the rotor position can be obtained even 
at low rotor speeds and at starting, and they are robust to parameter variations. However, 
they heavily rely on the magnetic saliencies and have poor performance at high speeds. 
Although  a  large  number  of  rotor  position  sensorless  control  methods  have  been 
proposed in the literature for PMAC motors, the majority of them have not taken into 
account motor drive failures. In addition, no research has been reported for the position 
detection  in  the  presence  of  faults  within  machine  windings,  power  converters  or 
sensors in a fault tolerant PMAC motor drive with redundancy.  
1.3  Objectives 
It should be reported here that this thesis investigates and addresses the issues related to 
the position estimation techniques for the dual motor fault tolerant drive. Although it is 
necessary to detect all potential faults and to remove them before performing position 
estimation,  the  fault  detection  and  remedial  strategies  are  beyond  the  scope  of  this 
research as it was addressed in details in [14]. 




￿  To establish a mathematical modelling framework and a simulation model of 
the  fault tolerant  PMAC  motor  drive  with  redundancy  to  examine  its 
performance under steady state and transient conditions. 
￿  To develop sensorless position estimation methods based on measurements of 
both  phase  voltages  and  winding  currents  to  obtain  the  rotor  position 
information indirectly. The primary aim of the proposed sensorless algorithms 
is to improve the reliability of position sensing and also to enhance the fault 
tolerance  capability  of  the  motor  drive  by  obtaining  multiple  position 
estimation in the case of a fault. 
￿  To  investigate  the  feasibility  of  the  proposed  sensorless  position  estimation 
schemes  under  normal  and  faulty  operating  conditions  in  the  fault tolerant 
PMAC motor drive with redundancy. 
￿  To  verify  the  effectiveness  of  the  proposed  sensorless  position  estimation 
method  utilizing  off line  test  data  obtained  from  a  real  motor  drive  under 
normal and faulty operation. 
1.4  Outline of Thesis 
This thesis consists of seven chapters. Chapter 2 introduces the operating principles of 
the fault tolerant permanent magnet AC (PMAC) motor with redundancy utilized in this 
study. The inverter circuit, the current waveform and the torque control involving the 
conventional current control scheme are also explained briefly in the same chapter. 
Chapter 3 provides a detailed survey of sensorless rotor position estimation methods 
in PMAC motors. The chapter classifies the sensorless techniques and provides brief 
explanations about their distinguishing characteristics. The starting schemes are also 
covered in the literature survey.  
Chapter 4 focuses on modelling and computer simulation of the motor drive. The 
mathematical  model  is  given  using  the  voltage,  electromagnetic  torque  and  motion 
equations, and Simulink
TM block models are developed to examine the performance of 
the motor drive. The chapter provides simulation results to study the operation of the 
drive over a wide operating range including starting. 
In order to estimate the rotor position and to improve the reliability of the motor drive 




estimation methods involving three phase and two phase sensorless position estimation 
methods, which are based on the measurements of the phase currents and the phase 
voltages. The computer simulation models are also presented in the chapter to study the 
effectiveness of the developed methods under various operating conditions. 
In order to validate the effectiveness of the sensorless position estimation methods 
developed in the previous chapter, Chapter 6 provides experimental studies utilizing off 
line measured data. A custom written LabVIEW
TM program has been used to measure 
the real data and also to process the data for position estimation. This chapter also 
examines the behaviour of the position estimation methods under normal and faulty 
operating conditions. 
Chapter 7 provides a summary of the thesis and highlights several distinctive features 
of the proposed sensorless position estimation methods.  Some suggestions are also 















































2. The Fault-Tolerant Motor Drive Topology and 
Control Principles 
2.1 Introduction 
In order to improve the reliability of the system in safety critical applications, a fault 
tolerant PMAC motor drive with redundancy was developed in [14]. This drive takes 
advantage of a parallel redundancy design methodology, which consists of two identical 
fault tolerant PMAC motor drives with a common shaft. In this arrangement, even if 
one motor drive breaks down completely due to a catastrophic failure, such as a power 
supply or controller fault, the second drive module can continue to operate, resulting in 
increased reliability and fault tolerance.  
Although such drive topology can offer redundancy and fault tolerance, it has some 
disadvantages over the conventional three phase drives. The main disadvantages of this 
system are the increased size and the cost. As it can be seen dual motor drive modules 
contain  two  motors,  6  H bridge  inverters,  two  controllers,  and  two  power  supplies 
which increase the size and the cost of such system. 
It should be noted that under normal operation both motor modules share the load 
equally in the drive as they are corrected to a common shaft. However, if there is a fault 
in the drive (which needs to be identified and removed by a suitable fault detection and 
post fault remedial schemes) an optimal torque control strategy utilizing healthy phases 
only in both modules needs to be adapted to compensate the torque reduction [14]. 
Figure 2.1 shows a block diagram of a prototype built in [14] that is also utilized in 
this research. As illustrated in the figure, each motor drive module includes a fault 
tolerant three phase surface mounted sinusoidal PMAC motor, three separate H bridge 
inverters  all  connected  to  a  common  DC  power  supply  (labelled  as  DC  supply),  a 
Digital Signal Processor (DSP) based controller and related feedback circuits. Encoder 
in the figure represents an incremental encoder connected for rotor position sensing, and 
verification of the position estimation. 
 In  this  chapter,  the  fault tolerant  three phase  surface mounted  sinusoidal  PMAC 





Figure 2.1 Block diagram of a prototype of the fault tolerant three phase surface 
mounted sinusoidal PMAC motor drive system with redundancy. 
2.2 The Motor and Inverter 
2.2.1 The Brushless PM Motor Modules 
In Figures 2.2 (a) and (b), conventional and fault tolerant winding arrangements are 
demonstrated, where each PMAC motor contains 4 surface mounted permanent magnet 
poles on the rotor and three stator phase windings.  A, B  and C  represent the winding 
phases  and  N  and  S  express  the  north  and  south  magnetic  poles  of  the  permanent 
magnets mounted on the rotor. In the winding phases, sinusoidal back EMF voltages are 
induced due to the surface mounted permanent magnets which are displaced with 3 2π  
electrical radians between phases. As shown in Figure 2.2 (a), the conventional winding 
arrangement in the stator generally does not give inherent fault tolerant abilities as the 
conventional  distributed  configuration  windings  (Y  or     connected  windings)  have 








   
  
































                                          (a)                                                (b) 
Figure 2.2 (a) Conventional winding arrangement [28], (b) fault tolerant winding 
arrangement [29] for a three phase surface mounted PMAC motor. 
In  order  to  obtain  the  fault  tolerant  winding  configuration,  however,  each  phase 
winding  needs  to  be  isolated  electrically,  magnetically,  physically  and  thermally  as 
shown in Figure 2.2 (b) [10, 14, 19 22] which includes concentrated winding design. 
This winding design (which is also utilized in this research) is capable of preventing a 
failure in a phase (such as a machine winding failure) from spreading to the adjacent 
phase windings, hence allowing the motor to continue to run in a satisfactory manner 
utilizing the remaining healthy phases. As shown in the figure, since each winding is 
wound around a single tooth, this arrangement minimises the occurrence of a phase to 
phase fault that is more serious than a failure in a single phase. This arrangement can 
also  minimize  the  thermal  and  mutual  magnetic  coupling.  To  limit  the  short circuit 
current to the rated current, 1 per unit inductance in each phase is also achieved by 
adjusting the depth and width of the slot during the design process. 
2.2.2 Three-Phase H-Bridge Inverter 
In  order  to  provide  electrical  isolation  between  winding  phases,  each  fault tolerant 
three phase PMAC motor module is driven by an inverter system that consists of three 
H bridge  inverters  connected  to  a  common  DC  power  supply  with  a  capacitor  as 
illustrated in Figure 2.3 (b) [14]. As shown in Figure 2.3 (a), the conventional (non 
isolated)  three phase  inverter  utilizes  fewer  power  switches.  However,  the  power 
switches in the fault tolerant inverter configuration need to withstand only the phase 
voltage unlike the line voltage in the conventional Y connected configuration [10, 14, 




As shown in the figure, each H bridge inverter drives one of the phases. Each inverter 
has four switching devices and four anti parallel diodes that provide freewheeling paths 
to dissipate the stored energy in the motor winding during the turn off period of the 
power  switches.  The  two  switches  in  each  leg  of  the  inverter  are  operated  in 
complementary manner (when one is in its on state, the other switch is in its off state). 
However, in a practical system an additional time delay (the dead time) is also used to 
prevent  a  short  circuit.  The  power  switches  and  devices  are  assumed  ideal  in  the 
simulation studies so that they are capable of turning off instantly and have no voltage 
drop during the conduction period.   
In the H bridge type inverter, the input is a constant DC input power supply voltage 
( 1 dc V ) as shown in Figure 2.3 (b). The output of the inverter is a phase voltage, which is 
equal to the terminal voltage and whose polarity can be changed by controlling the four 
power switches of the inverter using a pulse width modulated (PWM) switching scheme. 
By controlling the output voltage, the magnitude and the direction of the output phase 


















Figure 2.3 Schematic diagrams of a conventional three phase inverter for a 
conventional PMAC motor with Y type winding configuration (a) and a three phase H 
bridge inverter utilized in a fault tolerant three phase motor (b). 
Bipolar Voltage PWM Switching Scheme of the H-Bridge Inverter  
In this study, the bipolar voltage switching scheme is utilized to drive the H bridge 
inverters [30]. In this type of switching method, diagonally opposite switches are turned 
on and off simultaneously. Therefore, the output voltage of the inverter varies between 
the positive DC input supply voltage ( 1 dc V + ) and the negative DC input supply voltage 
( 1 dc V − ) as it will be demonstrated in Section 2.4.1. Although the switching signals for 
the  inverter  switches  may  be  generated  by  various  control  strategies,  the  hysteresis 




















2.3 Sinusoidal Current Excitation 
In order to produce a constant electromagnetic  torque in  a surface mounted PMAC 
motor  with  sinusoidal  type  back  EMF  voltages,  sinusoidal  excitation  currents  are 
required in the stator winding phases, which should be synchronized with the back EMF 
voltages [25, 26]. Each fault tolerant three phase PMAC motor module utilized in the 
study can be considered as a surface mounted sinusoidal PMAC motor. The back EMF 
voltages of each module are aligned together. The modules are excited by sinusoidal 
winding currents to produce a constant total torque. 
For the fault tolerant motor module 1, the sinusoidal phase excitation currents can be 
expressed as a function of the instantaneous rotor position where the amplitude of the 































































































                                                             (5.1) 
where  m I  is  the  amplitude  of  the  excitation  current  command,  r θ  and  θ  are  the 
mechanical and electrical rotor positions respectively, P  is the number of pole pairs, 
and 
*
a i , 
*
b i  and 
*
c i  are the reference phase currents for the stator windings of the motor 
module.  
2.4 Current and Torque Control  
In order to obtain the desired torque in each motor module, the phase currents should be 
regulated to follow the reference values as close as possible. Therefore, current and 
torque control approaches are briefly presented in this section.  
2.4.1 Current Control  
Hysteresis Current Control 
Various current control techniques given in [30 35] can be used for brushless PM motor 




research  to  regulate  the  motor  currents.  Although  the  switching  frequency  does  not 
remain constant in this method (it is a function of the inductance and the instantaneous 
back EMF voltage of the motor as well as the hysteresis bandwidth), it is simple to 
implement,  robust  and  has  excellent  dynamic  performance.  In  addition,  it  has  an 
inherent feature to limit the peak current [30 35] that can be used to protect the inverter 
switches. 
In this study, each motor module is driven by its hysteresis current controller, as 
shown in Figure 2.4. The hysteresis current controller is implemented with a closed 
loop control system, where the phase current is measured by a current sensor and then 
compared with the reference current to generate the error signal. If the actual current 
exceeds the upper hysteresis band limit, the corresponding inverter switches are turned 
off to reduce the current. Conversely, if the actual current is lower than the hysteresis 
band limit, the load current is increased by controlling the inverter switches. Thus, the 
actual phase load current can be forced to track the reference current within a desired 
hysteresis band. 
 
Figure 2.4 The schematic diagram of the hysteresis current control for the three phase 
windings a, b and c. 
Bipolar Voltage PWM Switching Technique in Hysteresis Current Control 
Figure 2.5 shows a schematic diagram and typical waveforms of a hysteresis current 
regulated H bridge inverter for winding phase A of one of the motor modules. In this 
control scheme, the H bridge inverter is driven by the bipolar voltage PWM switching 
scheme as described earlier in Section 2.2.2. 
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Figure 2.5 The principles of the operation of a hysteresis controller for one motor phase 
(a)  Inverter  schematic  diagram,  (b)  typical  waveforms  of  the  inverter  based  on  the 
bipolar voltage PWM switching modulation scheme. 
 As illustrated in Figure 2.5 (b), if the actual current  a i  exceeds the upper hysteresis 
limit ( 2
* h i i a a   + ≥ ), the switch pair S3 and S4 of the inverter is turned on and the 
switch pair S1 and S2 is turned off, which applies a negative DC voltage to the phase 
winding that forces the actual current to decay. In this mode of operation, the terminal 
voltage at the point A ( AN v ) is equal to 0 and the terminal voltage at the point B ( BN v ) 
is equal to 1 dc V . Therefore, the phase voltage across the load ( a v ) is equal to the terminal 
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voltage drop ( BN AN AB v v v − = ) between the point A and the point B which is obtained 
as  1 dc V − .  
The opposite switching occurs when the actual current drops below the lower limit of 
the  hysteresis  band  ( 2
* h i i a a   − ≤ ).  The  above  switching  states  and  corresponding 
terminal voltages for one of the motor phase is illustrated in Figure 2.5 (b). 
Note that in the discussion above, the switches were assumed to be ideal, which 
allowed  the  states  of  the  dual  switch  pairs  in  the  H bridge  inverter  to  change 
simultaneously from on to off and vice versa. However, real power devices generally 
have a finite time to turn on and turn off. Therefore, to avoid a shoot through fault in 
the H bridge inverter, a dead time is usually inserted between the inverter switches on 
the same leg [30]. This means that all the switches of the H bridge inverter should 
become off during the dead time. For example, if switch pair S1 and S2 turns off at a 
switching instant, the turn on of the other switch pair (S3 and S4) should be delayed by 
the dead time. The dead time is chosen based on the turn off times of the switching 
devices.  
Note that during the dead time the phase voltage depends on the direction of the 
output current [25]. For example, when the phase current ( a i ) is positive, the phase 
voltage will be equal to  1 dc V −  as the output phase current flows through D4 to D3. On 
the other hand, when  a i  is negative, the phase voltage becomes  1 dc V  due to the current 
flowing via D2 to D1. If the phase current is zero, the phase voltage will be identical to 
the back EMF voltage of that phase ( a e ).  
From the discussion above, it can be seen that the phase voltage of the stator winding 
depends  on  the  switching  states  and  the  direction  of  the  phase  current.  The  above 
explanations can be given for all phases of the motor drive, which may involve multiple 
motor modules. 
Table 2.1 illustrates the operation modes in the hysteresis current regulated H bridge 





Table 2.1 Operation modes of the hysteresis current regulated H bridge type inverter 
based on the bipolar voltage switching method in winding phase A of the motor drive in 
Figure 2.5. 
Phase Current ( a i )  Switching Signals  Phase Voltage ( a v ) 
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2.4.2 Torque Control  
The  fault tolerant  PMAC  motor  module  utilized  in  the  study  has  surface mounted 
permanent  magnets  on  the  rotor  and  sinusoidal  back  EMF  waveforms  in  the  stator 
windings, and the electromagnetic torque is directly proportional to the amplitude of the 
excitation currents. In addition, the sinusoidal winding currents are required to be in 
phase with the back EMF voltages of the winding phases to produce the constant torque 
[25]. Therefore, the output torque in the motor drive can be adjusted by regulating the 
phase currents which will be briefly explained below. 
Figure 2.6 shows a block diagram of torque control for the motor module 1. As 
shown in the figure, the torque command input is given as the amplitude of the current 
command  m I . In the sinusoidal reference current generator, the reference phase winding 
currents  are  generated  by  the  rotor  position  and  m I .  Note  that  the  rotor  position 






Figure 2.6 The schematic diagram of the torque control in the fault tolerant three phase 
PMAC motor drive.  
2.5 Conclusion 
This chapter summarized the principles of the current and torque control of the fault 
tolerant PMAC motor drive with redundancy. The motor topology considered in the 
study involves two identical motor systems to offer redundancy against complete motor 
failure.  Each  motor  module  contains  a  fault tolerant  three phase  surface mounted 
PMAC motor with sinusoidal back EMF voltages and three phase H bridge inverters 
with a common power DC input supply. Separate H bridge inverters are employed to 
isolate the phase windings electrically. Magnetic and physical phase isolation is also 
introduced to the motor modules. The motor design also has 1 per unit phase inductance 
to limit the short circuit winding current to the rated current. 
The torque control approach involving the hysteresis current control strategy was also 
explained  briefly  in  the  chapter.  The  conventional  hysteresis  current  controller  for 
individual phases was considered in the control system to produce the switching signals 
to drive the corresponding H bridge inverter. In this research, the H bridge inverter is 
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3. Survey of Sensorless Position Estimation 
Methods in PMAC Motors  
3.1 Introduction 
According  to  the  back EMF  waveform,  PMAC  motors  can  be  divided  into  two 
categories:  brushless  DC  motors  with  trapezoidal  back  EMF  (trapezoidal  PMAC 
motors)  and  PM  synchronous  motors  with  sinusoidal  back  EMF  (sinusoidal  PMAC 
motors). As the name suggests, the back EMF of each phase has a trapezoidal shape 
back EMF waveforms with a 120 degrees flat top in a trapezoidal PMAC motor with 
three phase windings. Therefore, in order to produce a smooth electromagnetic torque, 
the rectangular shaped winding currents should be in phase with the back EMF voltages. 
To  achieve  this,  the  power  devices  of  the  inverter  should  be  commutated  every  60 
degrees electrical based on the rotor position.  
On  the  other  hand,  the  sinusoidal  PMAC  motor  with  three phase  windings  are 
required  to  be  excited  with  sinusoidal  winding  currents  to  produce  a  constant 
electromagnetic torque where the excitation phase currents should also be synchronized 
with the back EMF voltages. 
Conventionally, sensors such as Hall Effect sensors, optical encoders or resolvers 
have been employed to obtain the rotor position information directly in PMAC motors. 
However, such sensors have various disadvantages and limitations. For example, they 
are weak and sensitive to environmental factors such as temperature, dust, humidity, 
vibration and shock, which may be the major source of failures in the motor drives to 
decrease the reliability of the motor drive significantly. Using sensors also increases the 
cost, system inertia and size of the motor drive. Special mechanical arrangements are 
required to mount them on the shaft to ensure reliability and accuracy. In addition, a 
number  of  electrical  connection  wires  between  the  motor  and  the  controller  also 
increases. Therefore, a number of position estimation techniques have been investigated 





The  layout  of  this  chapter  is  as  follows.  In  Section  3.2,  the  sensorless  position 
detection methods for trapezoidal PMAC motors are discussed. Next in Section 3.3, the 
indirect position estimation techniques are provided for sinusoidal PMAC motors, some 
of which may also be applied to trapezoidal PMAC motors. Special starting schemes are 
discussed in Section 3.4. Finally, Section 3.5 draws conclusions and summarises the 
results.  
3.2  Sensorless  Position  Estimation  Methods  in  Trapezoidal 
PMAC Motors 
In a brushless DC motor (a trapezoidal PMAC motor) with three phase windings, the 
back EMF of  each phase has a trapezoidal waveform with a 
o 120 electrical flat top 
which requires only two of the three phases to be excited at any instant. With respect to 
the rotor position, the power devices usually are commutated sequentially in every 
o 60  
electrical to synchronize the winding excitation to the back EMF waveform. Ideally, the 
back  EMF  waveforms  should  be  in  phase  with  the  stator  current  to  produce  the 
maximum  electromagnetic  torque.  To  obtain  the  rotor  position  without  using  an 
electromechanical position sensor, numerous sensorless position estimation algorithms 
have been proposed in the literature. 
3.2.1 Techniques Based on the Back EMF Detection 
A method presented in [36] was based on measuring the back EMF waveform of the 
unexcited phase to determine the electronic commutation instants. In this reference, the 
three terminal voltages and the neutral voltage of the motor with respect to the negative 
DC bus voltage were measured to detect the instant at which the back EMF of the 
unexcited phase crossed zero. The terminal voltage was equal to the neutral voltage at 
the instant of the zero crossing of the back EMF waveform. In order to utilize the zero 
crossing point to generate the switching sequence, this detected point was phase shifted 
by 
o 90  electrical in the method. A drawback of this technique is its lack of robustness at 
low speeds, since the back EMF amplitude is a direct function of the motor speed. In 
addition, the method is sensitive to noise due to the inverter switching in detecting the 




In  [37],  position  estimation  was  achieved  by  integrating  the  back  EMF  of  an 
unexcited  phase  to  reduce  switching  noise  sensitivity  and  to  adjust  the  inverter 
switching instants automatically with respect to the rotor speed variation. In this method, 
the open phase back EMF was integrated from the zero crossing instant to a pre set 
threshold level where the threshold voltage was kept constant throughout the speed 
range. However, the back EMF integration approach is parameter dependent since the 
threshold is a function of the back EMF constant which may vary as a function of the 
temperature. 
In order to eliminate the parameter dependency of the back EMF integration method 
mentioned above, an approach in [38] utilized a variable threshold level in a brushless 
DC motor for variable speed household refrigerators. Similar to the previous scheme in 
[37], the open phase back EMF at first was integrated from the zero crossing point until 
the integral (called the commutation integral) reached a threshold level. Next, the new 
open  phase  back  EMF  was  integrated  to  the  back  EMF  zero  crossing.  Then,  the 
resulting integral was compared to the commutation integral. If two integrals did not 
match, the threshold level was adjusted to allow the integrals to be identical. 
The back EMF based schemes show good performance in the medium to high speed 
range.  However,  the  common  problem  of  these  schemes  is  that  the  performance  is 
dependent  on  the  rotor  speed  because  the  magnitude  of  back  EMF  voltage  is 
proportional to the rotor speed. This fact causes the variation of the signal to noise ratio 
according to the rotor speed and degrades the performance of the back EMF based 
methods when the rotor rotates at a low speed where the magnitude of the back EMF 
voltage is very small or zero. 
3.2.2 Techniques Based on the Stator Third Harmonic Voltage 
The third harmonic of the back EMF can be used in determination of the switching 
instants in the 
o 120 electrical current conduction mode in a star connected trapezoidal 
PMAC motor [39, 40]. In this type of motor, the open circuit stator phase voltages 
(back EMF voltages) have trapezoidal waveform voltages that contain a fundamental 
and higher order frequency harmonics. In the method, the third harmonic component 
was extracted from the stator phase voltages while the fundamental component was 
eliminated  by  the  summation  of  the  three  phase  voltages.  The  other  higher  order 




by using a low pass filter. The resulting third harmonic signal provides a constant phase 
relationship with the rotor flux under any speed and load condition. In order to detect 
the third harmonic voltage, a three phase network with Y type resistor configuration 
was connected  across the Y connected motor  windings. The voltage  across the two 
neutrals  (between  the  neutral  of  the  resistor  network  and  the  neutral  of  the  motor 
windings) determined the third harmonic voltage. This voltage was integrated and was 
input to a zero crossing detector which was utilized to determine the switching sequence 
in the inverter. 
Unlike the back EMF based methods, the third harmonic signal is usually free of the 
inverter switching noise. As a result, the technique is not sensitive to delays of filters 
and shows better performance over a broader speed range than the back EMF methods 
described earlier. In addition, since the third harmonic can be detected at low speeds, 
this  method  can  obtain  a  better  starting  performance  than  the  back  EMF  based 
techniques. On the other hand, it is not easy to obtain the relative phase relationship 
between the third harmonic and the corresponding phase at low speeds because the third 
harmonic component has relatively low values at low speeds, and is also effected by 
saturation. 
3.2.3 Techniques Based on Conducting States of Free-Wheeling Diodes 
The rotor position information can be determined using the conducting states of the 
free wheeling diodes of the inverter in an unexcited phase of a trapezoidal PMAC motor 
[41]. As was stated previously, in the 
o 120 electrical operation of a trapezoidal PMAC 
motor  with  Y type  configuration,  one  of  the  three  winding  phases  is  always  open 
circuited. For a short period after opening the phase, the phase current flows via a free 
wheeling diode of the inverter. This open phase current becomes zero in the middle of 
the commutation interval that corresponds to the instant where the back EMF of the 
unexcited  phase  crosses  zero.  The  position  information  can  be  obtained  every 
o 60 electrical by detecting whether the free wheeling diodes are conducting or not. This 
approach however gives limited performance at low speeds. Furthermore, the method 
requires six additional isolated power supplies, one for the comparator circuitry of each 




3.3  Sensorless  Position  Estimation  Methods  in  Sinusoidal 
PMAC Motors 
A PM synchronous motor (PMSM) or a sinusoidal PMAC motor has basically the back 
EMF  voltages  with  sinusoidal  waveforms.  Hence,  the  sinusoidal  PMAC  motor 
essentially  requires  sinusoidal  stator  winding  currents  to  generate  a  constant 
electromagnetic torque, which should also be in phase with the back EMF voltages. 
Unlike a trapezoidal PMAC motor with 
o 120 electrical conduction, more accurate rotor 
position feedback is required in the sinusoidal PMAC motor continuously. A range of 
techniques have been developed to control the sinusoidal PMAC motor without using a 
position sensor which will be briefly explained below. 
3.3.1 Techniques Based on the Flux Linkages 
Several sensorless position estimation methods have been developed which measure the 
currents and terminal voltages and estimate the flux linkages of the sinusoidal PMAC 
motors. The basic principle of the methods is based on the orientation in the stationary 
reference frame. The three phase sinusoidal currents and the voltages, hence the flux 
linkages, of a sinusoidal PMAC motor can form three rotating phasors. These phasors 
rotate synchronously in the stationary reference frame and therefore the phase of the 
stator flux linkage phasor reflects the rotor position information of the motor.  
In [42 45], the position information was determined by using the measurements of 
the motor terminal voltages and the line currents to calculate the flux linkages. The 
algorithms  contained  a  two  current loop  configuration  to  be  utilized  to  correct  the 
predicted position and the flux linkage estimates respectively. The proposed algorithms 
were applied to both the trapezoidal and the sinusoidal PMAC motors. Although the 
algorithms had been tested using off line real data in [42, 43], the method was also 
tested using a DSP based system in a closed loop real time system in [44]. In addition, 
the machine nonlinearities such as saturation were taken into account in [45] which was 
the continuation of the previous studies. The performance of the algorithms presented in 
the literature depends on the quality and accuracy of the estimated flux linkages and 
measured values of voltages and currents. Parameter variations due to temperature and 




a constant speed operation. Another drawback is that the algorithm cannot perform at 
low and zero speeds.  
A  six phase  fault tolerant  PMAC  motor  drive  is  investigated  in  [22].  In  order  to 
improve the reliability of such drive, two indirect position estimation schemes are also 
proposed for aero engine fuel pumps in electric aircraft application. To estimate the 
rotor position, two different estimation techniques were proposed in [22]: the individual 
phase based estimation and all phase estimation. Both methods utilize the mathematical 
model of the six phase fault tolerant PMAC motor based on the relationship between 
the flux linkage, the current and the rotor position, hence requiring voltage and current 
measurements in all six phases. 
As  the  name  indicates,  the  indirect  phase  based  estimation  obtains  a  single  rotor 
position  estimate  for  each  phase  winding  utilizing  the  phase  voltage  and  the  phase 
current measurements resulting six different rotor position estimates in total. On the 
other hand, the all phase estimation method uses the measured information from all six 
phases to produce a single rotor position estimate, which is more accurate than the 
previous technique. However, it is prone to failure as it requires healthy measurements 
in  all  phases.  Although  the  developed  estimation  schemes  in  [22]  offer  significant 
improvements for position estimation in fault tolerant motor drives, their performance is 
limited at low speeds since both techniques perform poorly due to the integration drift 
in the flux linkage calculation.. 
When the stator flux linkage phasor has been determined, the instantaneous phase 
angle of the rotating phasor can be directly derived by an arc tangent function. If the 
stator power factor has to be unity, the phase angle can be used as the rotor position 
information to create the appropriate current command signals as described in [46]. The 
motor drive system controlled by this position information can achieve near unity power 
factor over a wide range of torque and speed. However, unity power factor is not always 
required  by  most  applications  of  sinusoidal  PMAC  motor  drives.  In  addition,  the 
accuracy of the position and the speed calculation is limited by the integration drift in 
the calculation of the stator flux linkages.  
To avoid the integration drift in the flux linkage computations, an improved method 
was proposed in [47]. The proposed method used the voltages and currents to directly 




calculation  based  on  an  integration  method.  Moreover,  a  load  angle,  which  was 
estimated based on the steady state relationship between the torque and the flux linkage, 
was introduced to compensate the difference between the rotor position and the stator 
flux linkage angle. However, two major problems still exist in this approach. The first 
one is that it is sensitive to noise in the measured voltages and currents, which may 
include high frequency harmonic components due to the PWM control, and delays in 
the low pass filter. The second problem is the difficulty of the trigonometric function 
calculation  for  the  phase  of  the  stator  flux  linkage  using  the  two  flux linkage 
components, which are sinusoidal functions. 
3.3.2 Techniques Based on Kalman Filters 
Since a PMSM is a nonlinear dynamic system, extended Kalman filter (EKF) schemes 
have been used to estimate states in the PMSM involving the rotor position and the rotor 
speed in [48 53]. Besides the estimation of the rotor position and speed, the estimated 
states include the stator currents [48 50, 52, 53] or the stator flux linkages [51]. In 
addition, the load torque estimation was also obtained on line to improve the estimation 
of mechanical states of the motor drive in [52]. Most of the EKF based observers were 
based on state space models in the stator reference frame for the PMSMs as shown in 
[48 51]. However, state models for interior PMSMs were usually proposed in the rotor 
reference frame as shown in [52, 53] to reduce computing time required by the EKF in 
the stator reference frame and to simplify the motor equations. Furthermore, although 
measurements of stator voltages and winding currents were utilized in some of the EKF 
techniques as shown in [48, 51, 52], the others utilized measured winding currents and 
voltage references instead of the use of the measured stator voltages as seen in [49, 50, 
53].  In  [49],  a  self tuning  strategy  of  the  covariance  matrices  for  the  EKF  was 
developed for a surface mounted PMSM to avoid the disadvantages due to conventional 
trial and error tuning methods. 
The  EKF  based  observer  requires  a  powerful  signal  processor  to  perform  the 
complicated mathematical computations and to manipulate large amounts of data [48, 
52]. In addition, as the EKF method is sensitive to parameter variations, an on line 
parameter identification scheme is required to be employed in the control system to 




3.3.3 Techniques Based on State Observers 
A  number  of  papers  have  been  published  regarding  estimating  the  electrical  and 
mechanical states of the sinusoidal PMAC motor using observers [54 63]. Nonlinear 
state observers were utilized to estimate the rotor position and the rotor speed of a 
PMSM  in  [54,  55].  These  observers  were  based  on  the  electrical  and  mechanical 
equations of the motor. In [54], a state space model for a PMSM was developed in the 
rotating reference frame. However, a model described in the stationary reference frame 
was obtained for a surface mounted PMSM in [55]. In order for the nonlinear state 
observers to be stable, the gains of the observers have to be optimized. However, it is 
complicated to determine optimum gains of the nonlinear observers under all operating 
conditions due to the nonlinearity of the motor. In addition, these nonlinear observers 
require knowing mechanical parameters of the motor such as the machine inertia and 
the load torque which are not easily detected and vary during normal operation. 
To improve the difficulty in achieving the optimum gains of the observer due to non 
linearity of the PMSM, reduced order state observers were proposed in [56 62]. In [56], 
a  reduced  order  observer  was  based  on  a  linear  state space  model  in  the  rotating 
reference  frame  for  a  PMSM.  The  motor  model  involved  electrical  and  mechanical 
equations and contained four states: the d  and q axis currents, the rotor position and the 
rotor speed. In the model, nonlinear terms were eliminated by adopting suitable control 
inputs and by neglecting the coulomb friction of the mechanical equation. Utilizing the 
linearised model, the observer directly produced estimates of the rotor position and the 
rotor  speed.  This  reduced  order  observer  simplifies  the  system  and  has  less 
computational  burden  than  a  full  order  state  observer  or  an  extended  Kalman  filter 
technique. However, it still needs to know machine mechanical parameters such as the 
motor inertia, the load torque and the viscous damping coefficient. 
In [57], the rotor position and the rotor speed were obtained by the use of a reduced 
order observer based on back EMF estimation in a PMSM. With the assumption that the 
rotor speed was constant during every short sampling interval, a linear motor model was 
developed in the stationary reference frame, which contained four states involving stator 
currents and back EMF voltages for the stationary reference frame. The rotor position 




observer.  The  main  benefit  of  this  method  does  not  need  to  know  the  mechanical 
parameters of the motor as the model did not include mechanical equations. 
In order to estimate the rotor position and the rotor speed of an IPMSM, sensorless 
schemes have been described based on a motor model with an extended back EMF 
voltage either in the stationary reference frame [58] or in the rotating reference frame 
[59 61]. In the methods, the extended back EMF voltage contains the rotor position 
information consisting of the back EMF voltage generated by permanent magnets and a 
voltage due to the saliency of the motor. For medium and high operating speeds, a 
reduced order observer was utilized to estimate the extended EMF. Using the estimated 
values of the extended EMF, the rotor position and the rotor speed were estimated. 
The difference between the detected actual state variables and the estimated state 
variables was used to obtain the position information in [62]. The procedure reported in 
[62] is based on the analytical model of the motor. In the control strategy in [62], the 
measured  three  phase  voltages  and  currents  were  transformed  to  a  hypothetical 
coordinate  system.  Then,  the  hypothetical  voltages  were  determined  based  on  the 
measured  current  and  the  motor  model.  In  the  final  stage,  the  angular  difference 
between  the  actual  and  hypothetical  axes  was  estimated  by  the  voltage  difference 
between the actual and the hypothetical axes. Self synchronization was achieved by 
making the angular difference zero and by changing the calculated speed of the motor. 
However, the method proposed in [62] is dependent on the accuracy of the measured 
currents and/or the voltages, and is also sensitive to the motor parameter variations. As 
in  the  back  EMF  based  position  detection  method,  this  technique  also  fails  at  low 
operating speeds and is computationally intensive requiring fast processors. 
In order to obtain the rotor position and the rotor speed of a surface mounted PMSM 
(SPMSM),  an  adaptive  sliding  mode  observer  was  developed  based  on  the  current 
estimation in [63]. In the method, the flux due to the permanent magnets on the rotor 
was utilized as a state variable to achieve a linear model of the motor. Due to the linear 
motor model, the stability of the sliding mode observer was easily guaranteed.  The pole 
assignment was also simplified since the order was reduced in the error equation of the 
observer. 
Generally,  the  state  observers  are  heavily  dependent  on  the  machine  parameters. 




parameters of the machine vary with thermal and operational conditions. This problem 
may be overcome to some degree by using an on line parameter identification scheme 
as  seen  in  [64],  but  the  on line  tuning  increases  the  computational  burden  in 
implementation. In addition, as seen in the back EMF based sensorless techniques, these 
schemes also fail to operate in the low speed range. 
3.3.4 Techniques Based on Magnetic Saliencies 
Generally, PMAC motors have magnetic saliencies due to their geometric construction 
as in the case of PMAC motors with buried (or interior) permanent magnets (salient 
pole PMAC motors) or saturation effects as in the case of PMAC motors with surface 
mounted permanent magnets (nonsalient pole PMAC motors). An interior PM motor 
(IPM)  has  significantly  different  inductances  between  the  d  and  q axis  due  to  the 
structure while the inductances in the d and q axis of a surface mounted PM motor 
(SPM) are approximately equal. In most of IPM motors, the motor inductance in the q 
axis is greater than the inductance in the d axis because of the low permeability of the 
magnet material [65]. The different inductance between the d axis and q axis means that 
the inductance is a function of the rotor position. On the other hand, saliencies due to 
saturation are not fixed to the rotor position and their locations move in the machine 
with the magnitudes of the stator currents. Various techniques have been proposed to 
estimate the rotor position based on the magnetic saliencies.  
In order to determine the rotor position, the inductance variation was tracked without 
utilizing a signal injection method in [65 67]. In [65], an approach to the position sensor 
elimination of an IPM synchronous motor drive was proposed. The phase inductance 
dependent on the rotor position was calculated by utilizing the instantaneous voltages 
and  the  instantaneous  currents  in  the  IPM  motor  fed  by  a  current regulated  PWM 
(pulsewidth  modulation)  converter.  Then,  the  calculated  phase  inductance  was 
employed to obtain the rotor position estimate with the use of a look up table relating 
the phase inductance and the rotor position.  
Another approach to real time position estimation based on inductance variation was 
introduced to an IPM synchronous motor driven by a voltage source PWM inverter [66, 
67]. The algorithm calculated the inductance matrix including rotor position information 
from  the  detected  current  harmonics  produced  by  the  switching  of  the  inverter.  It 




and at low speeds. This method relies on the saliency of the IPM motor. The matrix 
mathematics and vector calculations are complicated.  
For using the magnetic saliencies in PMAC motors to detect the position of the rotor, 
the signal injection methods are categorized into pulse injection [68 70] and sinusoidal 
injection [71 81]. In order to obtain the rotor position and the rotor speed at low speeds 
including zero speed, a solution was based on the winding inductance variation with the 
rotor position in a salient pole PMSM in [68]. This method injected pilot voltage pulses 
of rectangular type every 30 samplings in the current control loop to the stator windings 
and the current response produced by the pilot pulse injection was dependent on the 
rotor  position  due  to  the  winding  inductance  of  the  salient pole  PMSM.  The  rotor 
position and the rotor speed were estimated with the use of the relationship between the 
current response and the rotor position. 
To utilize the magnetic saliencies either due to geometric construction as in the case 
of a salient pole PMAC motor or due to saturation effects as in the case of a non salient 
pole  PMAC  motor  at  low  speeds  and  standstill,  a  sensorless  position  estimation 
technique was based on a test voltage phasor injection to the stator windings in [69, 70]. 
This method was called the indirect flux detection by on line reactance measurement 
(INFORM)  method.  When  discrete  test  voltages  were  applied  to  the  motor  via  an 
inverter during a short time period, the change of the resulting current space phasor was 
measured. This process was repeated in various space phasor directions to determine the 
magnetic anisotrophy. Then, discrete rotor position estimates were obtained by using 
the magnetic anisotropy. Due to the discrete position detection, a Kalman filter was 
employed to improve the accuracy of the rotor position in [69]. Although this method 
presented reliable operating performance in the low speed region including the standstill, 
it was required to be changed to the other sensorless method such as a back EMF based 
technique in a high speed range [69]. 
However, the excitation current pulses may generate a torque to rotate the motor, 
which may move the initial rotor position. In addition, it is difficult to estimate the rotor 
position  accurately  in  these  methods  due  to  the  problem  in  detecting  the  current 
amplitude accurately. 
Sinusoidal signal injection methods to determine the rotor position based on magnetic 




injection  techniques  [72 81]  involving  rotating  [72 76]  and  fluctuating  excitation 
methods  [77 81].  In  [71],  a  sensorless  control  technique  was  described  based  on 
injection of a harmonic current vector to obtain the rotor position in an interior PMSM 
without using mechanical position sensors. The strategy injected a harmonic current 
vector with small amplitude to the machine. Then, the harmonic injected current vector 
and the corresponding harmonic voltage vector were filtered to obtain the harmonic 
reactive power having a relative phase with a phase reference signal. To estimate the 
rotor  position,  the  relative  phase  difference,  which  was  proportional  to  the  position 
estimation error, was removed by utilizing a phase locked loop (PLL) technique. The 
proposed technique showed good performance from zero to the rated rotor speed. Also, 
the method was robust against motor parameters and operating conditions such as a 
rotor speed and motor load.  
For tracking the magnetic saliencies of a PMSM, high frequency rotating voltages 
were injected to the motor windings to estimate the rotor position in [72 76]. In order to 
obtain the rotor position, sensorless estimation techniques were based on detecting the 
magnetic saliency of a salient pole PMAC motor due to its structure which utilized a 
rotating voltage signal injection with a high frequency [72 74]. Such methods have an 
excellent  performance  in  the  low  speed  region  including  zero  speed  and  are  not 
sensitive  to  motor  parameter  variations.  However,  the  methods  depend  on  the 
inductance variation due to the geometry of the motor.  
Another rotating voltage injection approach was applied for both salient and non 
salient PMSM drives based on making use of the anisotropy of PMSMs [75]. Although 
in IPM synchronous motors, the same algorithm as shown in [72] was used to estimate 
the rotor position, the local anisotropy induced by saturation due to the magnet flux was 
considered  in  surface mounted  PMSMs  and  brushless  DC  motors  without  salient 
construction. A form of local magnetic anisotropy is induced in an SPMSM by the 
presence of the magnet flux. Such a saliency is generally much lower than the inherent 
saliency of an IPMSM, but allows considering all PMSMs as salient structures. Effects 
of the saturation produced by the magnet flux are used to detect the position of the rotor 
at standstill in order to initialize the sensorless position estimation. It works well from 
zero speed to the rated value. However, it is not sufficient for servo applications. In [76], 
multiple spatial saliencies in an AC machine were considered to provide estimates of 




These schemes do not require the knowledge of any motor parameters. However, the 
dynamic performance is restricted in relation to the frequency of the injected signal in 
the methods because they utilize a rotating high frequency signal. Also, the additional 
voltage component may generate torque and hence affect the rotor position at standstill.  
A  high  frequency  pulsating  voltage  vector  [77 81]  in  the  estimated  synchronous 
frame is injected into an IPM machine [77 79] and an SMPM motor [79 81] for the 
position  estimation.  In  [77],  a  technique  was  applied  to  a  salient  pole  PMSM  that 
utilized  a  high  frequency  fluctuating  voltage  injection  in  the  estimated  rotor  flux 
direction to estimate the rotor position and speed at standstill and high speeds. This 
utilizes an injected pulsating voltage signal at known frequency to extract information 
from a spatial saliency in an IPM motor. In the rotor reference frame, the d and q axis of 
the motor were decoupled from each other to reduce the number of additional functions 
that  were  required  to  produce  the  position  estimate.  The  methods  based  on  spatial 
inductance  variations  have  the  desired  effect  that  they  can  operate  at  zero  speed, 
however, many of these techniques have an upper limit on the operating speed range 
due to effects of back EMF at high speeds. 
In an IPM drive system, a sensorless method based on the characteristics of the high 
frequency impedance was proposed to obtain the rotor position and speed at standstill 
and low speeds [78]. In the paper, a high frequency fluctuating voltage signal injection 
was applied to amplify the impedance difference containing the information of the rotor 
position  and  to  maintain  a  reasonable  performance  under  any  load  conditions.  The 
scheme extracts the high frequency impedance components related to the rotor position. 
The scheme contained the ability to start from an arbitrary rotor position and was able to 
distinguish the north magnetic pole position from the south one. 
In [79], a proposed sensorless technique is based on tracking of the saliency of PM 
synchronous motors (both buried PM motors and surface mounted PM motors) at low 
speeds including standstill to estimate the rotor position and speed. A fluctuating high 
frequency voltage is injected in the stator and the inductive and resistive components of 
the  stator  impedance  are  evaluated  to  detect  the  rotor  position.  Although  the  rotor 
position is tracked based on the inductance saliency in buried PM motors, the power 
losses due to eddy currents in the magnets are monitored and are used to detect the d 




A high frequency fluctuating voltage signal injection scheme is applied to an SMPM 
motor to utilize the high frequency impedance difference due to the magnetic saliency 
[80, 81]. In the SMPM motor, the stator core around the q axis winding is saturated due 
to the flux of the permanent magnet. This makes the magnetic saliency in the motor 
including the rotor position information. In the method, the high frequency fluctuating 
voltage signal is injected on the d axis in the estimated synchronous reference frame and 
the q axis component of high frequency current in the estimated synchronous reference 
frame is used to estimate the rotor position. In this paper, the relationship between the 
high  frequency  voltages  and  high  frequency  currents  is  modeled  using  the  voltage 
equations  at  the  high  frequency.  Even  under  heavy  load  conditions,  the  proposed 
technique makes it possible to drive the SMPM motor in the low speed region including 
standstill.  
A  key  advantage  of  the  methods  based  on  the  magnetic  saliencies  is  that  the 
estimation accuracy does not rely on the rotor speed, specifically at zero speed operation. 
Also,  the  methods  are  less  sensitive  or  completely  insensitive  to  the  parameter 
variations of the motor. Yet, the techniques do not work well in the high speed regions 
due to the effect of back EMF. 
3.4 Starting Techniques 
A common problem associated with sensorless PMAC motors is the starting procedure. 
In PMAC motors, conventionally there is no information on the rotor position before 
starting. Therefore, the starting from an unknown rotor position may be accompanied by 
a temporary reverse rotation or may cause a starting failure. These are not tolerable in 
various applications. Thus, when the initial rotor position information is not available, a 
proper  starting  procedure  must  be  implemented  for  safe  startup.  In  the  literature,  a 
number of techniques have been developed to start PMAC motors.  
Most of the starting techniques proposed for sensorless trapezoidal PMAC motor 
drives were based on an open loop control [36, 82] or arbitrarily exciting the stator 
windings and aligning the rotor to a certain position [41]. In [36], synchronous gate 
signals generated from the computer in an open loop control mode excite the motor 
phases through the inverter where the frequency of these signals is increased from zero. 
Then, when the motor back EMF is sufficient to determine the rotor position using the 




trapezoidal PMAC motor. Another starting method excites two arbitrary phases for a 
preset time period [41]. At the time, the current limiter limits the motor line currents. 
When the rotor rotates to the direction corresponding to the excited phase due to the 
arbitrary  excitation,  the  commutation  command  advancing  the  switching  pattern  by 
120°  is  provided.  Then,  the  open  loop  control  is  immediately  transformed  to  the 
sensorless drive proposed in the paper.  
In sinusoidal PMAC motors, similar starting schemes with an open loop mode were 
proposed [42, 62]. In [42], a ramp speed command was forced to accelerate the motor 
from  standstill  to  the  speed  at  which  a  reliable  flux  linkage  angle  was  able  to  be 
determined. In [62], a specific PWM pattern to the inverter was applied to move the 
rotor of the motor for about 200 µs. When the rotor was aligned in the direction of the 
U phase winding by several applications of the specific PWM pattern, the open loop 
drive was switched to the sensorless control proposed in the literature.  
The open loop strategies described above have poor dynamic response and the rotor 
may  be  in  the  hunting  mode.  The  techniques  can  not  give  position  information  at 
standstill. In addition, if the electrical drive system has been switched off, it is not 
possible to know the actual rotor position in one period with respect to the stator phases. 
When smooth starting is required as in various applications, an arbitrary switching may 
not lead to smooth starting in the right direction. 
The initial rotor position can be estimated based on utilizing magnetic saliencies due 
to  either  geometric  construction  or  saturation  effects.  In  order  to  estimate  the  rotor 
position at standstill, the methods which detect saliencies can be categorized into two 
groups depending on the fundamental excitation of the machine [65 67] as shown in 
Chapter 3.3.4 or a separate excitation from the fundamental excitation [68, 70 81, 83 89, 
93, 94].  
In the separate excitation group, two basic methods to estimate the rotor position at 
standstill are pulse signal injection [68, 70, 83 87] or sinusoidal carrier signal injection 
[71 81,  88 94].  In  order  to  determine  the  initial  rotor  position  involving  both  the 
location and the direction of the rotor magnet in an IPM motor, saturation effects of the 
iron bridges between the rotor magnets were utilized at no load [83]. In the reference, 
suitable  short  voltage  pulses  were  applied  to  the  motor  winding  and  the  resulting 




location of the d  and q  axis. The measured currents had specific patterns with respect 
to the rotor position due to the iron saturation. Therefore, the location and the direction 
of the d axis were detected by utilizing the specific current patterns. The advantage of 
the method is that it allows detection of the rotor position without any rotation and that 
no additional hardware to measure voltages is required. However, the algorithm must be 
tuned for the motor and drive. 
In [84], a sensorless method was proposed to detect the initial rotor position in a wide 
range  of  PM  motors  (isotropic  and  nonisotropic,  brushless  DC  motors  and  PM 
synchronous motors) by utilizing the inductance variation due to the rotor position and 
the stator currents. In this algorithm, a sequence of voltage pulses was injected to the 
motor windings at standstill and the peak values of the resulting currents were evaluated 
to obtain the initial rotor position. In particular, an iterative sequence of voltage pulses 
was combined with a fuzzy logic processing of the current responses to improve the 
accuracy of the estimated position. This method is able to remove the temporary reverse 
rotation of the motor at start up and prevent starting failures. Also, knowledge of the 
motor parameters is not required in the algorithm.  
For a non salient PM synchronous motor, a technique was based on the saturation 
effect of the stator iron to obtain the rotor position at standstill in [85]. To saturate the 
stator  iron  partially,  short  voltage  pulses  were  injected  to  the  stator  windings  at 
standstill in the method. Also, the change in current of each phase was measured during 
each  pulse  and  the  rate  of  change  of  the  stator  winding  current  was  utilized  to 
distinguish between a north magnet pole and a south magnet pole, which was a function 
of the inductance variation, the iron saturation, and the flux due to the magnet position. 
This scheme is robust due to the use of a ratio of differences of current values in the 
position estimation. The method does not require the knowledge of any of the motor 
parameters. In addition, the calculations require no trigonometric or inverse functions 
In  [86],  an  initial  rotor  position  estimation  technique  was  based  on  the  winding 
inductance variation with the rotor position in a salient pole brushless PM motor. In the 
paper, two types of pilot voltage pulses supplied from an inverter were applied to the 
motor  windings  where  the  pilot  voltages  had  rectangular  DC  voltage  pulses  with 
different  duty cycles.  Then,  the  resultant  current  peaks  were  measured  by  current 




may cause temporary reverse rotation of the motor from starting at standstill since the 
armature current due to the applied pilot DC voltage pulses generates a small torque.  
In  order  to  obtain  the  rotor  position  at  standstill  in  a  brushless  DC  motor,  the 
saturation effect of the stator iron was detected by using short current pulses in [87]. 
The sign and the amplitude of the current waveform are detected while two phases are 
excited. After a short time, the current is reversed, and the sign and the amplitude are 
again determined. If the current difference sign is positive, the PM flux has the same 
sign as the flux created by the positive current. If the difference sign is negative, the PM 
flux has the same sign as the current produced by the negative current. The process is 
repeated  for  other  phases.  The  information  obtained  is  used  to  determine  the  rotor 
position. However, the excitation current pulses may generate a torque to rotate the 
motor, which may move the initial rotor position. In addition, the method depends on 
the accuracy of the measurements. 
In order to estimate the initial rotor position, the sinusoidal carrier injection methods 
based  on  the  magnetic  saliencies  are  divided  into  two  categories;  current  injection 
techniques  [71,  88]  and  voltage  injection  methods  [72 81,  89 94].  Here,  voltage 
injection  studies  are  also  categorized  into  rotating  [72 76,  89 92]  and  fluctuating 
excitation methods [77 81, 93, 94]. A sensorless method for a salient pole brushless DC 
motor was proposed in [88]. In the method, the initial position angle at a standstill was 
estimated by utilizing the voltages induced by injecting sinusoidal currents with small 
amplitude to the motor windings. In addition, the polarity detection was based on the 
flux  saturation  effects.  This  method  was  able  to  estimate  the  initial  rotor  position 
without the vibration and the rotation of the rotor shaft. 
The  rotating  high  frequency  voltage  injection  methods  are  applied  to  the  motor 
winding to estimate the initial rotor position by using the magnetic saliencies in [72 76, 
89 92].  In  [89],  a  method  utilized  the  magnetic  saliency  and  the  orientation  of  the 
current vector locus to obtain the initial rotor position in a salient pole PMSM without 
rotor  rotation.  When  balanced  3 phase  sinusoidal  AC  voltages  were  applied  to  the 
armature of the IPM motor by a PWM inverter at standstill, the locus of the armature 
current vector became an oval on the d q plane due to the magnetic saliency of the 
motor. The major diameter of the current vector oval gave information on the rotor 
magnet direction. In addition, the high frequency AC voltage signal was applied to 




the injected signal. However, the test results were obtained with an off line estimation 
system. 
A high frequency rotating voltage injection method was applied for sensorless Direct 
Torque Control (DTC) of an Interior Permanent Magnet Synchronous Motor (IPMSM) 
drive at very low speeds and at standstill as reported in [90 92]. In order to obtain the 
rotor position and speed estimation of the IPMSM at the extremely low speed regions in 
[90 92], a carrier excitation signal was superimposed on the d component of the stator 
voltage in the estimated rotor reference frame. Then, a current response was detected in 
the  q direction  of  the  estimated  rotor  reference  frame.  The  q component  measured 
current was band pass filtered to obtain the high frequency q component of detected 
current. Next, the high frequency current was demodulated and filtered by a low pass 
filter (LPF) to obtain a signal, which is proportional to the position estimation error. 
Finally, a PI regulator, which was cascaded with an integrator, was used to force the 
error to zero and to obtain the position estimation on a phase locked loop (PLL). It was 
shown that the high frequency injection method is able to provide a reliable solution at 
very  low  speeds.  However,  its  performance  decreases  dramatically  as  the  speed 
increases. Therefore, the other forms of observers such as a sliding mode observer as 
reported in [92] have to be utilized at medium to high speeds with a smooth changeover 
algorithm for the direct torque controlled sensorless position detection technique. 
A  high  frequency  pulsating  voltage  vector  [77 81,  93,  94]  in  the  estimated 
synchronous frame is injected into an IPM machine [77 79, 93, 94] and an SMPM 
motor  [80,  81]  for  the initial  position  estimation.  A  sensorless  initial  rotor  position 
detection scheme was proposed based on a high frequency pulsating voltage injection in 
an IPM motor drive [78]. When the high frequency pulsating signal was injected in the 
d axis  of  the  IPM  motor,  the  injected  signal  was  distorted  due  to  the  hysteresis 
phenomenon  and  then  the  distorted  waveform  contained  even order  harmonics.  In 
particular,  the  second order  harmonics  were  utilized  effectively  to  detect  the  north 
magnetic pole position in the method. This algorithm had fast dynamics due to the use 
of the high frequency injection signal. 
In  an  IPM  synchronous  motor,  a  rotating  or  pulsating  voltage  carrier  vector  was 
injected to estimate the initial rotor position including the polarity of the rotor magnet at 
standstill in [93]. In the paper, the IPM synchronous motor was modelled taking into 




proposed three observers based on tracking spatial and saturation saliencies. Two spatial 
saliency tracking observers using rotating and pulsating high frequency voltage signal 
injection were employed for the IPM synchronous machine. However, an observer to 
track the saturation saliency using rotating voltage high frequency carrier injection was 
able to be applied to both the IPM synchronous motor (salient pole) and the surface 
mounted PM synchronous motor (nonsalient pole). In [93], robust and fast initial rotor 
position and polarity estimation without shaft rotation was guaranteed by the proposed 
tracking estimators. 
In order to estimate the rotor position and to distinguish the polarity of the rotor 
magnet at standstill, a technique was based on injecting a carrier frequency signal using 
either a rotating voltage vector in the stationary reference frame or an oscillating voltage 
vector in the estimated rotor reference frame for an IPM synchronous motor in [94]. In 
the reference, the saturation effect of the d axis flux linkage was modelled in the d axis 
rotor reference frame by a Taylor series to track the north pole of the rotor magnet. A 
heterodyning process was also utilized to extract the magnetic polarity and the position 
information. The rotor position was estimated by using a Luenberger style observer in 
the  paper.  However,  an  accurate  saturation  model  was  required  to  improve  the 
convergence speed of the polarity estimation. 
When injected signals are involved to detect the rotor position, it is important to bear 
in mind that they will always produce a torque component that might be unwanted. 
However, if the current in the q axis is kept small, the unwanted torque is also kept 
small. 
3.5 Conclusions 
The  sensorless  control  strategy  for  trapezoidal  PMAC  motors  is  simpler  than  the 
strategies used for sinusoidal PMAC motors. In the control of three phase brushless DC 
motors (BLDC motors) with trapezoidal back EMF voltages (with a flat top of 120 
degrees electrical), only two of the three winding phases are excited at any moment. 
Consequently, the back EMF induced in the unexcited winding can be used to produce a 
switching  sequence  to  drive  power  devices  in  the  inverter  to  provide  current 
commutation. Usually, the power devices are commutated every 60 degrees sequentially 
to synchronize the excitation currents with the back EMF voltages according to the rotor 




motors  (PMSMs  or  sinusoidal  PMAC  motors)  with  sinusoidal  back  EMF  voltages. 
Therefore, the sinusoidal PMAC motors require sinusoidal phase currents synchronized 
with the back EMF voltages to produce a constant electromagnetic torque, which need 
continuous  rotor  position  data,  which  is  complex  to  obtain  and  is  expensive  to 
implement. 
This  chapter  provided  a  comprehensive  literature  review  of  sensorless  position 
estimation methods for PMAC motors to obtain the rotor position. In trapezoidal PMAC 
motors, the rotor position was primarily determined using the back EMF waveform, 
using the third harmonic or detecting the conducting states of freewheeling diodes of the 
inverter in the unexcited phase. In particular, the back EMF approaches have been most 
commonly employed to determine the switching instants. However, all these schemes 
have  limitations  at  very  low  speeds  including  starting  from  standstill  due  to  the 
magnitude of back EMF being too small to be sensed. Therefore, such techniques need 
special starting methods to overcome this limitation, which was also surveyed. 
In order to obtain the rotor position data, motor circuit parameters and measurements 
of  terminal  voltages  and  winding  currents  have  been  utilized  in  various  position 
estimation  methods  based  on  state  observers,  Kalman  filters  and  the  estimated  flux 
linkages. However, such techniques are complicated and require high resolution, fast 
and expensive processors. In addition, the accuracy of these techniques heavily depends 
on the accuracy of the measurements of the currents or terminal voltages, and they are 
sensitive to major parameter variations. In addition, they have limited performance at 
low speeds due to integration drift. 
The magnetic saliencies due to geometric construction and saturation effects have 
been utilized to estimate the rotor position in a number of position detection methods in 
interior PM motors (salient pole PMAC motors) and surface mounted PM motors (non 
salient pole PMAC motors). These are primarily based on the inductance variations in 
the  motor.  Although  some  methods  have  not  utilized  signal  injection  to  track  the 
inductance variation which is related to the rotor position, various sensorless methods 
have employed signal injection schemes involving pulses or sinusoidal signals to detect 
the magnetic saliencies of salient or non salient pole PMAC motors. It was shown that 
these techniques can estimate the rotor position even at low speeds including starting 
from standstill, and they are less sensitive to the motor parameter variations. However, 




affected by the magnetic coupling between d  and q axis. Furthermore, at high speeds, 
they have a limited performance due to the back EMF. 
In  summary,  a  number  of  techniques  have  been  developed  to  estimate  the  rotor 
position  without  using  a  position  sensor  for  PMAC  motors.  However,  most  of  the 
developed sensorless methods have been employed for conventional PMAC motors, and 
not  for  the  fault tolerant  PMAC motor  drives with  magnetic,  electrical  and  thermal 
isolation between the motor phases. Although one paper was identified that investigated 
the position estimation techniques in a fault tolerant motor drive, it has limitations; it 
fails at low speeds due to integration drift, is sensitive to the motor parameter variations, 
and  has  not  been  applied  to  the  fault tolerant  PMAC  motor  drive  with  redundancy 
utilized in this research.  
Therefore, it can be concluded that the previous techniques are not directly applicable 
to the fault tolerant PMAC motor drive with redundancy that is considered in the thesis. 
In addition, most of the previous methods have not considered faults that may occur in a 
motor  drive  and  cannot  provide  redundant  rotor  position  information.  This  is 
detrimental to improving the reliability of the motor drive. Therefore, this thesis aims to 
develop  a  sensorless  position  estimation  technique  to  estimate  the  rotor  position  to 
increase the reliability and to offer redundancy for the rotor position information in a 











































4. Mathematical Modeling and Simulation of the 
Motor Drive 
4.1 Introduction 
In Chapter 2, the fault tolerant PMAC motor drive with redundancy utilized in this 
study and its basic control structure were briefly explained to provide the fundamentals 
of the motor drive system. The motor drive contained two identical motor modules on a 
common rotor  and three H bridge inverters powered from  a separate  dc supply  per 
motor  module.  Unlike  conventional  PMAC  motors,  each  motor  module  has  fault 
tolerant features due to its modified design to offer electrical, magnetic and thermal 
isolation between phases to prevent propagation of failures in phases in the case of a 
fault. 
One of the objectives of this chapter is to develop a mathematical model to be able to 
simulate  and  study  the  behaviour  of  the  fault tolerant  three phase  surface mounted 
sinusoidal PMAC motor drive, which also has redundancy. The modelling is divided 
into two main parts: the fault tolerant three phase surface mounted sinusoidal PMAC 
motors  and  the  current  control  methodology.  The  abc  stator  reference  frame  is 
considered in the motor model and each fault tolerant PMAC motor is modelled by the 
voltage equations, the electromagnetic torque equations and the motion equations. It can 
be noted here that the voltage equations given in this chapter will be also employed in 
the sensorless position estimation methods that will be explained in Chapter 5. 
The chapter aims to develop a computer simulation model to study the steady state 
and  the  dynamic  performance  of  the  entire  fault tolerant  PMAC  motor  drive  with 
redundancy.  In  the  simulations,  the  Simulink  programming  environment  is  used  to 
develop the drive simulation. In order to validate the effectiveness of the developed 
simulation  models,  various  simulation  results  are  demonstrated  under  a  range  of 




4.2  Modeling  of  the  Fault-Tolerant  Three-Phase  PMAC 
Motors with Redundancy 
As  stated  earlier,  the  fault tolerant  PMAC  motor  with  redundancy  utilized  in  this 
research consists of two identical fault tolerant three phase surface mounted sinusoidal 
PMAC  motors  on  a  common  shaft.  To  obtain  the  mathematical  model,  several 
assumptions were made: 
1.  Saturation  is  neglected  although  it  can  be  taken  into  account  by  parameter 
changes. 
2.  The back EMF voltages are assumed as ideal sinusoidal waveforms. 
3.  The mutual inductances are equal to zero since the mutual inductances between 
phases are negligibly small due to magnetic isolation between phases of the 
fault tolerant PMAC motor drive with concentrated windings. 
4.  The self inductance of each phase winding is independent of rotor position. 
5.  Eddy current and hysteresis losses are neglected. 
The electrical equivalent circuit considered for the fault tolerant motor drive is given 
in Figure 4.1. Each phase winding in the motor is modeled by a series electrical circuit 
including a resistance, a self inductance and a back EMF voltage. Therefore, the voltage 
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             (4.1) 
where  L  represents  the  constant  value  of  the  self  inductances  of  the  phases,  R  
represents the phase resistances,  a v ,  b v ,  c v ,  u v ,  v v  and  w v   are the phase voltages,  a i ,  b i , 
c i ,  u i ,  v i  and  w i   are the phase currents and  a e ,  b e ,  c e ,  u e ,  v e  and  w e  represent the back 
EMF voltages of  each phase. Note that the subscripts a, b and c  are  for the motor 




induced in the stator coils are due to permanent magnet fluxes crossing the air gap that 
are the rates of change of flux linkages due to permanent magnets mounted on the rotor.  
 
Figure 4.1 The equivalent circuit of the fault tolerant three phase surface mounted 
sinusoidal PMAC motor with redundancy 
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1
                                           (4.2) 
In  the  fault tolerant  PM  motor  drive  considered  in  this  research,  the  back  EMF 
voltages have sinusoidal waveforms and their magnitude is directly proportional to the 
speed of the rotor. The phase back EMF waveforms are out of phase with the adjacent 
phases  by  3 2π  radians  in  each  motor  module,  but  they  are  in  phase  between  the 
corresponding phases of the two motor modules. Consequently, the phase back EMF 
















































































































































                                                                    (4.3) 
Here,  e k  is the back EMF constant,  r ω  is the mechanical angular speed of the rotor, and 
) ( 1 θ e ,  ) ( 2 θ e ,  ) ( 3 θ e ,  ) ( 4 θ e ,  ) ( 5 θ e  and ) ( 6 θ e  are  defined  as  the  phase  back  EMF 
functions  for  corresponding  phases  in  the  motor  modules  1  and  2.  The  back  EMF 
functions are sinusoidal with unity magnitudes.  





ω =                                                                                                                     (4.4) 
where  r θ  is the mechanical rotor position in rad and it is related to the electrical rotor 




θ =                                                                                                                      (4.5) 
where  p  is the number of pole pairs.  
Combining the equations (4.4), (4.5) and (4.3), the phase back EMF voltages can be 




















































































                                                                                               (4.6) 
Finally by substituting (4.6) into (4.1), the phase voltage equations of the motor can 
be given as below, which is also utilized in the proposed sensorless position estimation 
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J T T ω
ω
+ = −                                                                                                 (4.8) 
where  e T  is the net electromagnetic torque of the PM motor drive,  l T  is the load torque, 
J  is the inertia of the motor and connected load, and B  is the damping coefficient of 
the motor and mechanical load. In the simulation study, it is assumed that the damping 
coefficient is negligibly small and hence is assumed to be zero.  
The above equation is usually rearranged in a state space form that is suitable for the 
computer simulation. 
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where  e T  is the total electromagnetic torque,  1 e T ,  2 e T  are the electromagnetic torques 
generated by the motor modules 1 and 2, and  ea T ,  eb T ,  ec T ,  eu T ,  ev T  and  ew T  are the 
electromagnetic torques generated by each phase.  
It should be noted that the electromagnetic torque value calculated from (4.10) can be 
significantly inaccurate specifically near zero speed or very low speed regions since the 
electromagnetic torque is inversely proportional to the rotor speed. Therefore, to avoid 
large errors, the electromagnetic torque is calculated by 
{ } w v u c b a e e i e i e i e i e i e i e k T ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ = ) ( ) ( ) ( ) ( ) ( ) ( 6 5 4 3 2 1 θ θ θ θ θ θ                             (4.11) 




4.3 Simulation of the Fault-Tolerant Motor Drive 
To study the performance of the fault tolerant  three phase PMAC motor drive with 
redundancy under steady state and dynamic operating conditions, Simulink
TM was used 
as a simulation tool. With the graphical user interface (GUI) of Simulink, the motor 
drive was modelled with block diagrams containing separate tasks.  
4.3.1 Simulink Model for the Steady State Operation  
Figure 4.2 presents a Simulink model to simulate the steady state performance of the 
motor drive which consists of two identical three phase motor modules. The input of the 
motor drive system is the torque command ( m I ) which is equal to the amplitude of the 
current command. The output of the drive system is the total electromagnetic torque 
which is obtained by summing the per phase electromagnetic torques. In the simulation, 
the mechanical rotor position is obtained by integration of the mechanical rotor speed 
utilizing an integrator in Block C.  
 
Figure 4.2 A Simulink model of the torque control of the fault tolerant motor drive with 
redundancy for steady state operation 
Figure  4.3a  shows  the  complete  Simulink  block  diagram  for  one  motor  module, 
which consists of the back EMF generator, the hysteresis current controllers and the 
reference current generators. Note that the generated back EMFs are also utilized to 







Each single phase drive in the simulation model consists of four sub components 
involving a sinusoidal  reference current  generator, a hysteresis current  regulated  H 
bridge  inverter,  a  series  electrical  circuit  including  a  phase  resistance,  a  phase  self 
inductance and a phase back EMF voltage and an electromagnetic torque estimator as 
illustrated in a schematic block diagram in Figure 4.3b. The sinusoidal reference current 
generator in Block E generates a reference sinusoidal phase current utilizing the current 
command and the rotor position as described in equation (2.1). 
The  hysteresis  current  controller  (Block  F  in  the  figure)  forces  the  actual  phase 
current  to  follow  the  reference  phase  current  within  the  hysteresis  bandwidth 
determined  by  the  hysteresis  comparator.  This  is  done  by  controlling  the  inverter 
switches as described earlier in Section 2.4.1. In normal conditions, the output of the 
hysteresis current regulated H inverter is the phase voltage that swings between the 
positive  dc  input  supply  voltage  ( dc V )  and  the  negative  dc  input  voltage  ( dc V − ). 
However, if the actual phase current is zero under specific conditions such as a winding 
open circuit failure, the phase voltage is equal to the phase back EMF voltage. 
The phase voltage, the output of Block F, is applied to the phase winding, and the 
corresponding phase current is generated in Block G by integrating the derivative of 
phase current utilizing an integrator. The initial value of the current is defined in the 
integrator block. 
The instantaneous phase current, the phase back EMF voltage, and the mechanical 
rotor speed are used to estimate the electromagnetic torque of a single phase in Block H. 
However, when the mechanical rotor speed is zero, the initial phase electromagnetic 







































































Figure 4.3 (a) A Simulink model of the fault tolerant three phase surface mounted 
sinusoidal PMAC motor drive 1, (b) a schematic block diagram of one phase of the 
drive. 
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4.3.2 Simulation Model for the Dynamic State Operations 
Figure 4.4 shows a schematic block diagram and a Simulink block model of the entire 
motor drive that is used to study the performance of the drive under dynamic operating 
conditions. The Blocks I and J in Figure 4.4a contain the dual three phase fault tolerant 
PM  motor  drive  modules  as  described  in  Section  4.3.1.  This  simulation  model 
incorporates the  equation of motion and an integrator to estimate the  rotor position 
under dynamic conditions. As illustrated before, the electromagnetic torque command is 
defined by the amplitude of the current command.  
The equation (4.9) given earlier is implemented in Block K. As shown in this block, 
the total electromagnetic torque is applied to the rotor connected to a load, which rotates 
at mechanical speed  r ω . The mechanical rotor position can be obtained by integration 
of the mechanical rotor speed and its initial value can be set to a constant value. As 
given  previously  in  equation  (4.5),  the  electrical  rotor  position  is  obtained  by  the 















Figure 4.4 The dynamic model of the entire drive (a) schematic block diagram, (b) 
Simulink model 
4.4 Simulation Results  
In this section, various simulation results obtained under both steady state and dynamic 
operating conditions are presented to confirm the validity of the developed simulation 
model. In the simulation results for the steady state operation, the phase A current, the 
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phase  A  voltage,  the  phase  A  electromagnetic  torque  and  the  total  electromagnetic 
torque  in  the  motor  module  1  are  illustrated.  The  mechanical  rotor  speed  and  the 
electrical rotor position are included only during the dynamic state operation. 
The parameters of the motor modules are given in Table 4.1. In the simulation results 
presented, the simulation time step was set to 10 ㎲ and ode4 (Runge Kutta) solver was 
utilized in the integration process. 
Table 4.1 Parameters of the motor modules used in the simulation studies 
Parameters  Value 
Moment of inertia ( J )  0.0004 kgm
2 
Number of pole pairs, ( p )  2 
Winding resistance, (R )  0.87   
Winding inductance, (L)  2.1 mH 
Back EMF constant, ( e k )  0.093 V/rad/s 
 
4.4.1 Steady State Results 
Figure  4.5  shows  a  set  of  simulation  results  obtained  under  steady state  low  speed 
operation of the motor drive. In this operating mode, the DC input voltage ( dc V ) of the 
H bridge inverter was 20V, the hysteresis band ( h   ) was 0.6A, the torque command 
( m I ) was 3.5A, the mechanical rotor speed ( r ω ) was 31.4rad/s and there was no phase 
advance or delay. 
In Figure 4.5, the instantaneous waveforms of the phase current ( a i ), phase voltage 
( a v ), phase electromagnetic torque ( ea T ) obtained in phase A of the fault tolerant motor 
module 1, the electromagnetic torque ( 1 e T ) of the fault tolerant motor module 1 are 
illustrated from top to bottom. A sinusoidal current waveform with the band of 0.6A 
was obtained in this simulation result. Note that the torque produced from phase A in 
the motor module 1 has a near sinusoidal waveform and the total electromagnetic torque 
obtained from the motor module 1 is relatively constant (with small torque ripples) 





Figure 4.5 Simulation results of the motor drive under a steady state mechanical rotor 
speed of 31.4rad/s with no phase advance or delay angle. 
In Figure 4.6, a second set of simulation results is provided to demonstrate constant 
high speed operation in the simulated motor drive. In this test, the rotor speed was 219.8 
rad/s, and all of the other parameters were kept same as the previous test. Note that the 
top  graph  in  the  figure  includes  a  dashed  red  line  which  indicates  the  sinusoidal 
reference phase current. It can be highlighted here that since the amplitude of the back 
EMF  voltage  is  proportional  to  the  rotor  speed  in  the  PMAC  motor,  the  effective 
voltage across the motor phase winding, which is the difference between the DC input 
voltage  of  the  inverter  and  the  back  EMF  of  a  corresponding  phase,  becomes 
insufficient at high speeds. At such speeds, the phase current is limited by the effective 
voltage and hence cannot follow the reference current. Therefore, no current control is 
achieved  within  these  regions.  As  shown  in  the  results,  the  phase  current  ripple 





Figure 4.6 Simulation results of the fault tolerant three phase surface mounted 
sinusoidal PMAC motor drive with redundancy under a steady state constant 
mechanical rotor speed of 219.8 rad/s with no phase advance or delay angle 
Figure 4.7 is given to demonstrate the operation of the motor under a phase advance 
angle of  4 π  rad. As it can be seen in the figure, this mode of operation reduces the 
current distortion as well as the torque ripple.  
 





Figure 4.7 Simulation results of the motor drive under a steady state constant 
mechanical rotor speed of 219.8 rad/s and at the phase advance angle of  4 π  rad. 
4.4.2 Dynamic State Results  
A set of simulation results is given here to demonstrate the dynamic performance of the 
simulated motor drive under torque control. In this test, the motor started from standstill 
up to a constant speed of 221 rad/s. The torque command was 3.5 A, the DC voltage 
was  20  V,  the  hysteresis  band  was  0.6  A  and  the  load  torque  was  modelled  as 
r ω × 003 . 0  Nm.  In  Figure  4.8,  the  phase  currents  ( a i ,  b i ,  and  c i ),  the  total 
electromagnetic torque ( 1 e T ) of the motor module 1 (the green line) and the phase A 
electromagnetic torque ( ea T ) (the blue line) are given. The mechanical rotor speed ( r ω ), 
the electrical rotor position angle (θ ) are also presented. As can be seen in the figure, 
the total electromagnetic torque generated in the motor drive 1 is initially high, which is 
reduced as the motor accelerates to a steady state speed of 221 rad/s. Note that torque 





Figure 4.8 Simulation results under dynamic operation while the motor starts from 
standstill. 
4.5 Conclusions 
In  order  to  examine  the  performance  of  the  fault tolerant  PMAC  motor  drive  with 
redundancy that will be utilized in the position estimation scheme, the entire simulation 
model is given in this chapter. Each fault tolerant three phase sinusoidal PMAC motor 
was modelled by using the voltage, the electromagnetic torque and the motion equations. 
The model was formulated entirely in the abc reference frame for direct comparison of 
the simulation and the experimental results. 
The operating conditions in the simulation study include steady state operation at low 
and high speeds, and dynamic operation while starting from standstill with load. The 
simulation  results  obtained  under  these  conditions  demonstrated  the  typical 
characteristics of PMAC motors. Although the experimental results were not provided 
in this chapter, the simulation results demonstrated a close agreement with the real time 
off line test results obtained from the prototype motor drive which will be described in 




As stated previously, the voltage equations utilized in this chapter provides the basis 
of the sensorless position estimation methods that will be explained in the successive 
chapter. In addition, the developed Simulink models will be utilized to develop the 



























5.  Principles  and  Simulation  of  Fault-Tolerant 
Sensorless Position Estimation Methods  
5.1 Introduction 
As  was  reported  in  Chapter  3,  a  large  number  of  sensorless  position  estimation 
techniques have been developed for conventional PMAC motors. Most of the developed 
methods did not consider failures in the motor drive including the machine windings, 
the inverter or the sensors. The previous position estimation techniques also usually 
employ star or delta connected motor drives and hence are not suitable for motor drives 
with electrically isolated phase windings. 
In this chapter, two different fault tolerant sensorless position estimation schemes are 
proposed to estimate the rotor position indirectly by using simultaneous measurements 
of phase currents and phase voltages at a fixed sampling frequency. However, it can be 
noted that the fixed sampling rate of the proposed position estimators should be at least 
six times faster than the switching frequency of the H bridge inverter since the phase 
voltage has six possible values in each PWM cycle of the inverter when all three phases 
are excited with currents in the machine as indicated in [25]. In addition, since the 
accuracy  of  the  position  estimators  significantly  depends  on  the  sampling  rate,  the 
higher sampling frequency results in the better accuracy in the rotor position estimation.  
 The schemes presented here are based on the incremental flux linkage algorithm that 
prevents integration drift in the process of flux linkage estimation as developed in [25]. 
However,  the  conventional  flux  linkage  incremental  technique  reported  in  [25]  can 
produce a single rotor position estimate only by using measurements from all three 
phases  of  a  conventional  three phase  PMAC  motor  drive.  Therefore,  it  can  fail  to 
provide  accurate  rotor  position  information  under  faults  in  the  drive.  This  chapter 
presents  two  modified  incremental  flux  linkage  approaches  which  are  capable  of 
achieving multiple rotor position estimates that can be utilized even under faults in the 
motor drive system. 
In the following sections, the proposed fault tolerant three phase sensorless position 




estimation method are presented. The Simulink based model is also given. In order to 
verify the effectiveness of the developed fault tolerant sensorless position estimation 
schemes both under normal and faulty operating conditions, a number of simulation 
results are also presented. 
5.2  Principles  of  the  Fault-Tolerant  Three-Phase  Position 
Estimation Method 
As it will be demonstrated later, a single rotor position estimate can be obtained using 
the three phase currents and phase voltages in each fault tolerant PMAC motor drive by 
adopting the conventional incremental flux linkage algorithm proposed in [25]. Unlike 
the conventional flux linkage incremental technique applied for a conventional PMAC 
motor with magnetic and electrical coupling between phases, the winding phase currents 
are isolated and the mutual inductances in the windings are negligible in each fault 
tolerant PMAC motor module. In addition, the motor drive considered here (with two 
motor modules) can provide two separate rotor position estimates. In normal conditions 
(no  fault),  the  two  position  estimates  are  averaged  to  obtain  a  final  rotor  position 
estimate for the motor drive. Under faults, however, only the rotor position estimate 
from the healthy motor drive can be utilized. 
5.2.1 Rotor Position Estimation Based on Flux Linkage Increment 
Using the  equation (4.7), if the sampling frequency is high  enough, the change (or 
increment)  of  the  estimated  rotor  position  for  each  motor  phase  can  be  derived  in 
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                                                   (5.1) 
Where  a θ   ,  b θ   ,  c θ   ,  u θ   ,  v θ    and  w θ    are the estimated electrical rotor position 
increments of the corresponding phases,  a ψ   ,  b ψ   ,  c ψ   ,  u ψ   ,  v ψ   , and  w ψ    are 
the flux linkage increments,  a i ,  b i ,  c i ,  u i ,  v i  and  w i  are the sampled phase currents and 
a v ,  b v ,  c v ,  u v ,  v v  and  w v  are the sampled phase voltages. The phase current increments 
between two samples are shown by  a i   ,  b i   ,  c i   ,  u i   ,  v i    and  w i   . The flux linkage 
increments shown in the above equation can be calculated using the sampling time  t    
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                                                                               (5.2) 
Since the two motor modules are connected to a common shaft, the rotor position 
increments estimated from each phase should generate identical values. However, in 
practice, the estimated rotor position increments are affected by a number of factors 
such as inaccurate measurements, parameter variations, and non ideal motor windings 
and structure.  
As it can be seen in (5.1), the estimated rotor position increment in each phase is 
proportional to the incremental flux linkage of the corresponding phase divided by the 
unity back EMF function of that phase. The unity back EMF function of each phase, 




every electrical cycle since it is a basically sinusoidal waveform with respect to the rotor 
position. Therefore, the estimated rotor position increment obtained in each phase can 
become infinitely large at these rotor positions, hence resulting in significant position 
errors. 
In order to overcome this, equation (5.1) can be modified. To achieve this, both sides 
of  the  equation  are  multiplied  by  ) ( ) ( 2 1 θ θ e e ,  ) ( ) ( 3 2 θ θ e e ,  ) ( ) ( 1 3 θ θ e e ,  ) ( ) ( 5 4 θ θ e e , 
) ( ) ( 6 5 θ θ e e  and  ) ( ) ( 4 6 θ θ e e . Then, the three resultant equations in each motor drive are 
summed. Assuming that the rotor position increments of the three phases of each motor 
module have the same value, a single rotor position increment for each module can be 
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                                                 (5.3) 
where  1 θ    and  2 θ   are the rotor position increments in the drive modules 1 and 2, 
respectively. 
As it can be observed in the above equations, due to the presence of three back EMF 
functions in the denominators of the right side of (5.3) and due to the sum of products of 
two back EMF functions, the estimated rotor position increment can not be infinitely 
large. Therefore, it can be concluded that this approach provides more reliable position 
estimation increments. 
Under normal operating conditions (no faults in the drive), if it is assumed that the 
previous electrical rotor position value for each module is known, the rotor position 
increment  in  each  module  estimated  by  using  the  equation  (5.3)  can  be  utilised  to 
predict the new electrical rotor position for the corresponding module. This can be done 
using a simple integration process that utilizes the estimated rotor position increment 
and the rotor position estimation value obtained at the previous sampling time, as shown 
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Here   ) (
*
1 k θ  and  ) (
*
2 k θ   are the predicted electrical rotor position values of the motor 
modules 1 and 2, k  and ( 1 − k ) are the integers representing the k  th and ( 1 − k ) th 
sampling instants, and  ) 1 ( 1 − k θ and  ) 1 ( 2 − k θ  are the previous electrical rotor position 
estimates obtained at the ( 1 − k ) th instant in each motor module. 
The Modified Phase-Locked Loop (PLL) Technique Utilizing Three Phases 
It  should be  noted  that in  an  ideal  motor  drive  system,  the predicted  rotor position 
values obtained with (5.4) should be accurate. In a practical system, however, the rotor 
position increment for each phase estimated by the equation (5.3) will have errors that 
are  due  to  inaccurate  measurements,  parameter  variations,  quantization  errors,  time 
delays  and/or  finite  sampling  frequency.  Although  such  errors  are  small  they  can 
accumulate  and  become  significantly  large  during  the  integration  process.  To 
compensate  for  such  errors,  a  modified  phase locked  loop  (PLL)  technique  can  be 
employed to force the predicted rotor position for each module to be locked to the phase 
of the flux linkage increments of each module, which is explained in detail in [25].  
The modified PLL technique utilized in the study uses the fact that the back EMF 
voltage of each phase is proportional to the rate of change of flux linkage of that phase 
which  is  defined  as  the  flux  linkage  increment  so  that  the  flux  linkage  increments 
should have sinusoidal waveforms. Thus, for every phase, the unit back EMF function 
corresponding to the predicted rotor position should be in phase with the flux linkage 
increment. 
In this PLL, vectors consisting of the flux linkage increments and the back EMF 
functions in each module are used as inputs to the phase detector of each module as 
shown in Figure 5.1.  The phase detector for each module performs a vector product on 
the inputs to produce an output proportional to the phase difference between the flux 
linkage increments and the back EMF functions utilizing the predicted rotor position as 
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The left hand side of (5.5) represents the vector product of the back EMF function 
vector and the flux linkage increment vector. The other symbols in the equation (5.5) 
are:  ψ    is the amplitude of the flux linkage increments,  1 f θ  and  2 f θ  are the phase 
angles of the flux linkage increments,  1 δθ  and  2 δθ  are the phase differences between 
the phase angles of the flux linkage increments and the predicted rotor positions, and K  
is  the  gain  of  the  phase  detectors  with  the  value  of ψ   ⋅ ) 2 3 3 ( .  Note  that  the 
amplitudes of the flux linkage increments are assumed to have the same value,  ψ   . 
 
Figure 5.1 Block diagram of the fault tolerant three phase sensorless rotor position 
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In order to effectively reduce the fluctuations of the estimated rotor position caused 
by  the  PLL  and  improve  the  stability  of  the position  estimation,  the phase  detector 
output of each motor module is then fed into a PI controller forcing the errors to zero (as 
shown in Figure 5.1), which is added into the PLL as developed in [25]. The output of 
the PI controller is then added to the predicted rotor position value to obtain a rotor 
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                                                       (5.6) 
Here  ) ( 1 k θ  and  ) ( 2 k θ   are the rotor position estimates of the motor drive modules 1 
and  2,  p K  and  i K  are  the  proportional  and  the  integral  gains  of  the  PI  regulators 
respectively. 
5.2.2  A Single Final Rotor Position Estimate 
Under normal conditions, a single final rotor position estimate  ) (k θ  can be obtained by 
averaging the two available rotor position estimates (one for each motor module). 
2
) ( ) (
) (





=                                                                                                   (5.7) 
It  can  be  seen  that,  under  any  faulty  conditions,  only  a  rotor  position  estimate 
obtained from a healthy motor drive can be utilized as the final rotor position estimate. 
Table  5.1  summarizes  the  single position  estimates  in  the  fault tolerant  motor  drive 
under no fault and faulty conditions.  








A Single Final 
Rotor Position 
Estimate 
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5.3  Principles  of  the  Fault-Tolerant  Two-Phase  Sensorless 
Position Estimation Method 
In order to estimate the rotor position indirectly in the fault tolerant PMAC motor drive 
with redundancy, the phase currents and the phase voltages of each phase of a motor 
module need to be measured. This can produce three rotor position estimates for each 
motor drive. In normal conditions, a single more accurate rotor position can be obtained 
by averaging all six rotor position estimates obtained in the motor drive containing two 
motor modules. However, in the case of a fault, position estimates obtained from a pair 
of two healthy phases in each motor module should be used to obtain the final rotor 
position estimate. Therefore, it can be seen that this method can increase the reliability 
of the motor drive significantly as it provides redundant rotor position estimates which 
is critical under faulty conditions. 
5.3.1 The Modified Flux Linkage Incremental Algorithm 
As it is explained in Section 5.2, the proposed position estimation method for the fault 
tolerant motor drive can provide limited redundant rotor position estimates under faulty 
conditions. Although a single motor drive module may have only one phase faulty, the 
rotor position estimation in this module cannot be reliable if the faulty phase is utilized 
in  the  estimation  method.  However,  as  explained  previously  the  two phase  based 
position  estimation  method proposed  in  this  research  increases  the  reliability  of  the 
estimation by providing redundant rotor position estimates. In the following paragraphs 
some of the practical issues that are related to the estimation accuracy will be discussed. 
To overcome the zero crossing problems of the back EMF functions in the equation 
(5.1), an alternative approach is proposed in this research to estimate six rotor position 
increments.  This  is  done  by  multiplying  both  sides  of  the  equation  (5.1)  by  ) (
2
1 θ e , 
) (
2
2 θ e ,  ) (
2
3 θ e ,  ) (
2
4 θ e ,  ) (
2
5 θ e  and  ) (
2
6 θ e  respectively.  The  resulting  equation  can  be 
arranged as in (5.8) which indicates the estimated position increments using the voltage 
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                                                                                (5.8) 
Since the back EMF functions are assumed to be sinusoidal functions and since there 
is a 120
o electrical phase difference between any two phases of the motor modules, the 
back EMF squared terms in the denominators of the equation (5.8) are always greater 
than  0.5.  This  avoids  errors  around  the  zero crossings  of  the  sinusoidal  back  EMF 
functions. 
Similarly to equation (5.4) in Section 5.2.1, the predicted rotor position for a pair of 
phases can be given by using the previous rotor position estimate and the estimated 
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                                                                                   (5.9) 
Here,  ) (
* k ab θ ,  ) (
* k bc θ ,  ) (
* k ca θ ,  ) (
* k uv θ ,  ) (
* k vw θ  and  ) (
* k wu θ  are the predicted rotor position 
values  at  the  sampling  instant  k  and  ) 1 ( − k ab θ ,  ) 1 ( − k bc θ ,  ) 1 ( − k ca θ ,  ) 1 ( − k uv θ , 
) 1 ( − k vw θ  and  ) 1 ( − k wu θ  are  the  rotor  position  estimates  at  the  previous  sampling 
instant ( 1 − k ). 
As  it  is  mentioned  earlier,  the  rotor  position  estimation  may  be  in  error  due  to 
inaccurate measurements, parameter variations, finite sampling frequencies, time delays 
and  quantization  errors.  Therefore,  a  modified  phase locked  loop  (PLL)  technique 




predicted  rotor  positions  to  track  the  phase  of  the  flux  linkage  increments  of  the 
corresponding phases. 
The  mathematical  expressions  related  to  the  above  technique  are  given  in  the 
equation (5.10) in the form of a vector product utilizing the flux linkage increments and 
the back EMF functions. The result produces an output in each phase detector which is 
proportional  to  the  phase  difference  between  the  phase  angle  of  the  flux  linkage 
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                  (5.10) 
Here  ab δθ ,  bc δθ ,  ca δθ ,  uv δθ ,  vw δθ  and  wu δθ  are the phase differences between the flux 
linkage  increments  and  the  back  EMF  functions  with  respect  to  the  predicted  rotor 
position for each pair of phases and K is the gain of the phase detectors that is given by 
ψ   ⋅ ) 2 3 ( . 
Then, the output of each phase detector is fed into a PI regulator whose output is 















































































wu i wu p wu
k
n
vw i vw p vw
k
n
uv i uv p uv
k
n
ca i ca p ca
k
n
bc i bc p bc
k
n







n K K k K K k
n K K k K K k
n K K k K K k
n K K k K K k
n K K k K K k



















) ( ) ( ) (
) ( ) ( ) (
) ( ) ( ) (
) ( ) ( ) (
) ( ) ( ) (



















                                               (5.11) 
where  p K  and  i K  are  the  proportional  and  the  integral  gains  of  the  PI  regulators 
respectively. 
Fig. 5.2 shows the principal block diagram of the proposed rotor position estimation 
method for a pair of phases, A and B of the motor module 1. 
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5.3.2 Estimation of a Final Rotor Position 
As it was stated before under normal conditions, all six rotor position estimates are 
averaged to obtain a single final rotor position estimate for the motor drive. 
Under  a  fault  in  a phase  however,  the  final  rotor position  is  estimated  using  the 
average position estimate of the healthy phases of the motor. Table 5.2 summarises the 
number of rotor position estimates available in the entire fault tolerant PMAC motor 
drive with redundancy under both healthy and faulty conditions. The table shows that 
the rotor position estimation is possible even under a single phase fault in each motor 
module. 
Table 5.2 Summary of the available rotor position estimates with and without faults 
in the motor drive 
Available Rotor 
Position Estimates  Operating State of the Motor 
Drive 
Module 1  Module 2 
The Single Final Rotor 
Position Estimate 
) (k θ  
No Fault  ca bc ab θ θ θ , ,   wu vw uv θ θ θ , ,  
6
wu vw uv ca bc ab θ θ θ θ θ θ + + + + +  
Single Phase Fault  
(Phase A of  Module 1) 
− − bc θ   wu vw uv θ θ θ , ,  
4
wu vw uv bc θ θ θ θ + + +
 
Single Phase Fault in Each Module 
(Phases A and U of Modules 1 and 2)  − − bc θ   − − vw θ  
2
vw bc θ θ +
 
Two Phase or Three Phase Fault in a 
Module  
(Phases A B, Phases B C, Phases C A or 
Phases A B C) 
− − −   wu vw uv θ θ θ , ,  
3
wu vw uv θ θ θ + +
 
 
As  indicated  in  the  table,  if  the  drive  is  healthy,  the  method  proposed  here  is 
analogous to six indirect position sensors ( ab θ ,  bc θ ,  ca θ ,  uv θ ,  vw θ  and  wu θ ). If one phase 
(say phase A of Module 1) has a fault, however, then only four rotor position estimates 
are available ( bc θ ,  uv θ ,  vw θ  and  wu θ ). In the case of a single phase fault (say phases A 
and U) in both modules, only two position estimates ( bc θ  and  vw θ ) are available. Finally, 
if two phases or all three phases in one motor module have faults, three rotor position 
estimates are available from the healthy motor module which can be utilised for the 




available healthy pairs of phases, this estimation method can produce the most accurate 
rotor position data available. 
5.4  Computer  Simulation  of  the  Fault-Tolerant  Sensorless 
Position Estimation Methods 
In this research, Simulink block models were developed to simulate the fault tolerant 
rotor position estimation methods that were explained previously in Sections 5.2 and 5.3. 
Figure 5.3 (a) illustrates the Simulink block model for the fault tolerant three phase 
sensorless position estimation scheme in a motor module, and Figure 5.3 (b) provides 
the model for the fault tolerant two phase sensorless position estimation method using a 
pair of phases (phase A and B in the motor drive 1).  
It should be noted here that the models given in Figure 5.3 are incorporated both into 
the Simulink model presented in Figure 4.2 for the steady state analysis, and the model 
in Figure 4.4 (b) for the dynamic studies. The zero order hold blocks (ZOH) in the 




















Figure 5.3 Simulink models of (a) the fault tolerant three phase sensorless position 
estimation method for the fault tolerant PMAC motor drive 1 and (b) the fault tolerant 
two phase sensorless position estimation method (for a pair of phases A and B of the 




5.5 Simulation Results  
In order to study and demonstrate the effectiveness of the proposed position estimation 
techniques, a number of simulation runs were carried out under both normal and faulty 
operating conditions. The operating conditions were also classified under two groups: 
steady state and dynamic operation. The steady state operations involved tests under a 
low and a high speed, parameter variations and measurement inaccuracies. The dynamic 
operation investigated the performance of the drive while it is starting from standstill 
and under step load changes. In the faulty operating conditions, a one phase winding 
open circuit  fault,  a  single  current  measurement  (sensor)  fault  and  a  single  voltage 
measurement (sensor) fault were examined. 
During the simulation studies, the current command amplitude was set to 3.5 A, the 
hysteresis bandwidth was set to 0.6 A and the DC link power supply voltage was 20 V. 
The motor parameters used in the simulation were previously given in Table 4.1. In the 
PI controller of the PLL system, the proportional gain was 60 and the integral gain was 
set to zero for the two phase based estimation scheme. For the three phase position 
estimation scheme, however, the proportional gain was 1 and the integral gain was zero 
in  the  PI  regulator.  These  gains  were  chosen  by  trial  and  error  to  give  reasonable 
performance.  The sampling time of the simulation was 10  s   .  
In  the  simulation  result  figures  given  below,  a i ,  b i  and  c i  are  the  actual  sampled 
phase currents, and  a v ,  b v  and  c v  are the actual sampled phase voltages. In addition, 
act θ  represents the actual electrical rotor position in the module 1, and  ab θ ,  bc θ  and  ca θ   
indicate the two phase electrical rotor position estimates, and  ab ε ,  bc ε  and  ca ε  are the 
corresponding position  estimation errors. Furthermore,  ph 2 θ  and  ph 2 ε  are the average 
two phase rotor position estimate and the averaged electrical position estimation error in 
the  motor  drive  module  1  respectively.  In  the  results  of  the  three phase  sensorless 
position estimation,  ph 3 θ  and  ph 3 ε  represent the estimated electrical rotor position and 
the position estimation error in the motor drive module 1 respectively. In all of the 
results, the unit for the position information is radians. 
In this thesis, the performance of the position estimators will be characterized by their 




error is. According to [25], the rotor position estimation errors were limited to 3 to 4% 
(or 0.19 to 0.25 rads) in a conventional surface mounted PM synchronous motor with 
sinusoidal  back EMF  voltages  and  these  were  considered  reasonable.  Also,  in  a 
comparative study between a standard Luenberger observer and a sliding mode observer 
used  to  estimate  the  rotor  position  of  a  PM  synchronous  motor  [95],  the  position 
estimation errors in the steady state operation were less than 15° (or about 0.26 rads). 
Based on these papers, the acceptable position estimation errors for sensorless control 
will be assumed to be of the order of 0.25 rads in this thesis. 
5.5.1 Steady State Operation and Position Estimation 
In order to examine the steady state performance of the proposed sensorless position 
estimation methods, various simulation results were obtained under low and high speed 
operation.  
Figure 5.4 shows the simulation results obtained at a constant rotor speed of 31.4 
rad/s (300 rpm). The figure presents the actual phase currents, the actual phase voltages 
and the actual electrical rotor position. The electrical rotor position estimates and the 
position  estimation  errors  were  obtained  for  both  the  two phase  sensorless  position 
estimation method and the three phase sensorless position estimation method.  
The RMS position estimation error results are summarised in Table 5.3. As indicated 
in the figure, the three two phase rotor position estimates of one of the motor modules 
had similar RMS values, and were averaged to obtain a better accuracy. As averaging N 
number of data ideally should change the RMS error by a factor of  N 1  (or 58% for 3 
data  as  the  RMS  error  is  3 1 ≈ ).  In  practice  however  a  value  of  about  70%  was 
obtained as shown in Table 5.3. In addition, it can be expected in the two phase position 
estimation technique that higher RMS position estimation errors will be produced under 
faulty conditions as it will not be able to average the estimated position values. Note 
that the RMS position estimation errors shown in this section need to be utilized for 
examining or comparing the accuracies of the position estimation methods only. The 
actual position estimates are utilized in the control of the machine(s). 
In addition, it was concluded from that although both position estimation methods 
had small error levels, the three phase position estimator had better accuracy than the 




0.043 rads respectively. Theoretically, both position estimation methods have automatic 
correction capabilities in two stages using the modified PLL technique and the rotor 
position prediction process including the internal closed loop function. However, the 
position prediction step of the three phase position estimation technique adopting the 
conventional flux linkage incremental algorithm proposed in [25] has an extra auto 
correction term shown in the denominators of the equation (5.3) unlike the two phase 












Figure 5.4 Steady state performance of the fault tolerant PMAC motor drive 1 at low 
speed operation (300 rpm). From top to bottom: (a) phase currents and voltages (b) 





Table 5.3 RMS position estimation error under steady state operation 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
Phase a b  0.0551   
Phase b c  0.0594   
Phase c a  0.0657   
Low Speed 
Total  0.0434  0.0362 
High Speed  Total  0.0098  0.008 
 
The second set of simulation results (Figure 5.5) is obtained at a steady state speed of 
219.8 rad/s (2,100 rpm) while keeping all other parameters the same as in the previous 
case. Figure 5.5 illustrates the actual phase currents, the actual phase voltages, the actual 
electrical rotor position, the electrical rotor position estimates obtained using the two 
position  estimation  techniques.  The  position  estimation  errors  are  also  given  in  the 
figure and Table 5.3. Like the low speed test, the accuracy of the three phase position 












Figure 5.5 Steady state performance of the motor drive 1 at a high speed operation of 
2100 rpm. (a) phase currents and voltages, (b) actual and estimated rotor positions and 
errors. 
As  presented  in  Table  5.3,  both  methods  can  produce  much  more  accurate  rotor 




errors  in  the  high  speed  test  are  about  0.008  to  0.01  rads.  Although  the  proposed 
position estimation methods utilize the auto correction abilities to compensate for errors 
generated  by  motor  parameter  variations  or  measurement  errors  and  avoid  the 
integration process in the flux linkage estimation to reduce the integration drift due to 
the  use  of  the  flux linkage  increments,  both  techniques  still  require  an  integration 
function in the position prediction process. As well, since the flux linkage increments 
utilized in the rotor position increments of both proposed methods are proportional to 
the rotor speed of the motor and hence are small in the area of low speeds, the rotor 
position estimation is affected by this speed factor like all the other back EMF based 
sensorless techniques as seen in the literature in Chapter 3. This will cause larger errors 
at low speeds. 
A set of simulation results are also given in Figure 5.6 to examine the effect of a 
wrong initial rotor position in the rotor position estimators for both proposed position 
estimation  schemes.  As  it  can  be  seen  in  the  figure,  the  initial  position  error  (2.5 
radians)  can  be  compensated  within  the  first  electrical  cycle  due  to  the  automatic 
correction functions adopted in the position estimation algorithms. 
 
Figure 5.6 Steady state performance of the motor drive 1 at an operating speed of 2100 




In order to investigate the robustness of the two position estimation schemes against 
parameter variations and measurement inaccuracies, a series of simulation studies were 
also performed. In these tests, the original simulation parameters were kept the same as 
in  the  previous  tests.  However,  while  the  rotor  position  was  estimated,  the  motor 
parameters and the gains of the current and the voltage sensors were altered from their 
original values. These alterations also included sensor offsets. 
Figure  5.7  shows  the  simulation  results  examining  the  effect  of  the  parameter 
variations on the accuracy of the position estimation. The motor parameters in question 
include a variation ( % 30 ± ) of the phase resistances, the phase inductances and the 
back EMF constants. The RMS position error results are summarised in Table 5.4. The 
figures given here present the position estimation errors obtained in the motor drive 1 
for two different position estimation methods: two phase method (blue) and three phase 
method (purple). The results demonstrate that both position estimation methods operate 
well under the parameter changes. However, the variations of the back EMF constants 
resulted in the highest position estimation errors in both methods. As well, the three 
phase  position  estimator  was  affected  more  seriously  than  the  two phase  position 
estimation  method  in  the  back EMF  constant  variation.    The  resistances  and  the 
inductances are present in the numerators in equations (5.1) and (5.8) utilized in the 
rotor position increments of both proposed techniques. On the other hand, the back 
EMF constants are in the denominators in both equations and hence their variations may 
affect  more  seriously  the  rotor  position  estimation  than  the  other  parameters.  In 
particular,  the  reduction  of  the  back EMF  constants  resulted  in  higher  position 
estimation errors since small values in the denominators affected the values in equations 
(5.1) and (5.8) more. 
The  resistance  variations  produced  the  smallest  position  estimation  errors  in  the 
motor parameter variations. The main reason is that as the voltage differences between 
the phase voltages and the voltage drops due to the phase resistances are multiplied by 
the sampling interval with a very small value with 10 ㎲ as seen in the equations (5.1) 
and  (5.8),  this  produces  a  much  smaller  change  in  the  estimated  rotor  position 





(a) +30 % resistances ( R × 3 . 1 ) 
 
(b)  30 % resistances ( R × 7 . 0 ) 
 
(c) +30 % inductances ( L × 3 . 1 ) 
 





(e) +30 % back EMF constants ( e k × 3 . 1 ) 
 
(f)  30 % back EMF constants ( e k × 7 . 0 ) 
Figure 5.7 The position errors in the motor drive 1 at a speed of 2100 rpm and under 
the parameter variations: Blue trace ( ph 2 ε ), Purple trace ( ph 3 ε ). 
Table 5.4 RMS position estimation error under parameter variations 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
No Parameter Errors  0.0098  0.008 
Resistance: +30%/ 30%  0.0216/0.0156  0.0203/0.0221 
Inductance: +30%/ 30%  0.0369/0.0316  0.0318/0.0354 
Back EMF Constant: +30%/ 30%  0.0992/0.166  0.161/0.159 
 
Additional simulation studies were also carried out to study the robustness of the 
position estimators in the case of measurement errors (Figure 5.8 and Table 5.5). In 
these tests, the gains of the voltage and the current sensors were varied approximately 
% 10 ±  with regards to the correct values. The offsets of the current sensors were set to 




offsets of  2 ± V ( % 10 ±  of the DC link voltage) respectively. The results demonstrate 
that the variations in the gains of the sensors produce larger estimation errors than the 
offsets in both algorithms. In particular, the position estimators are most sensitive to 
voltage gain errors. The current offset variations in both methods resulted in the least 
position  estimation  errors.  The  three phase  position  estimation  method  has  better 
performance than the two phase method except the cases of the voltage sensor and the 
current sensor gain variations. 
 
(a) +10 % current sensor gains ( i k × 1 . 1 ) 
 
(b)  10 % current sensor gains ( i k × 9 . 0 ) 
 





(d)  0.3A current sensor offsets 
 
(e) +10 % voltage sensor gains ( v k × 1 . 1 ) 
 
(f)  10 % voltage sensor gains ( v k × 9 . 0 ) 
 





(h)  2V voltage sensor offsets 
Figure 5.8 The position errors in the motor drive 1 at a speed of 2100 rpm and under 
the measurement errors: Blue trace ( ph 2 ε ), Purple trace ( ph 3 ε ). 
Table 5.5 RMS position estimation error under inaccurate measurements 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
No Measurement Errors  0.0098  0.008 
Gain: +10%/ 10%  0.0215/0.0161  0.0177/0.0204 
Current Sensor 
Offset: +0.3A/ 0.3A  0.0098/0.0101  0.008/0.008 
Gain: +10%/ 10%  0.0491/0.0681  0.0648/0.0785 
Voltage Sensor 
Offset: +2V/ 2V  0.0207/0.0198  0.008/0.008 
 
5.5.2 Simulation Studies to Investigate the Dynamic Operation 
Several simulation tests were carried out to explore the dynamic performance of the 
position estimators, including starting from standstill, step load changes, and starting 
with an incorrect rotor position value.   
In the starting test in Figure 5.9, the motor system was simulated accelerating from 0 
to 221 rad/s (2,111 rpm) under a load torque of  r ω × 003 . 0  Nm. The set of results given 
in Figure 5.9 includes the actual phase currents, the actual phase voltages, the actual 
rotor position, the rotor position estimates and the position estimation errors for the 
proposed position estimators. The results show a moderate initial position estimation 













Figure 5.9 Starting performance of the motor drive 1. (a) phase currents and voltages 
(b) actual and estimated rotor positions, (c) 3ph position estimate and estimation errors. 
The effect of the wrong initial rotor position values on estimating the position is 
studied in Figure 5.10. The original initial electrical rotor position of the motor system 
was 0 rad, which is changed to 2 radians in this test. The results show that in both 
estimators,  the  estimated  rotor  position  values  converge  to  the  actual  rotor  position 






Figure 5.10 Starting performance of the motor drive 1 with an incorrect initial position.  
In the step load test, while the motor system was rotating at a constant steady state 




was  changed  to  r ω × + 003 . 0 1 Nm  (1.66  Nm)  at  the  time  instant  of  0.25  sec,  which 
caused the motor to decelerate. Then, the load torque is reduced back to  r ω × 003 . 0  Nm 
at 0.45 sec, which caused the motor to accelerate again. The results are given in Figure 
5.11. 
As it can be seen in the figure, the phase currents are visibly distorted both before and 
after the application of the step load change. This is due to the fact that the back EMF 
voltages  induced  in  the  phase  windings  are  too  high  to  cause  a  sufficiently  large 
effective voltage across the winding phases, which prevents the regulation of the load 
current.  Conversely,  the  effective  winding  voltage  is  increased  at  low  motor  speed 
(higher load) due to the low back EMF, which thus demonstrates a well regulated load 
current (around 0.3 0.5 sec). 
The dynamic simulation results demonstrate that both position estimation methods 
have excellent performance under the step load changes for typical practical loading 
conditions. However, as the motor speed decreases with the increasing step load, the 







Figure 5.11 Dynamic operation performance of the motor drive 1 under step load 




5.5.3 Operation Under Faults 
In this section, several simulation results are presented to investigate the performance of 
the position estimation methods under various faults such as a winding phase open 
circuit fault, a current sensor failure and a voltage sensor fault.  
Phase Winding Open-Circuit Failure 
Figure 5.12 presents a set of simulation results obtained under an open circuit fault in 
stator winding phase C of the motor drive 1, while the motor is running at a steady state 
speed of 1,968 rpm. The open circuit fault was introduced at the instant 0.25s. As it is 
shown in the phase terminal voltage figure, until the instant of fault, the voltage across 
the subject phase illustrate the switching DC voltage levels. The current in the phase C 
is also present as in the other two phases. After the introduction of the fault however the 
current  becomes  zero,  and  the  terminal  voltage  shows  the  back  EMF  voltage  as 
expected. As it can be seen in the figure, the position estimators perform well under the 







Figure 5.12 Characteristic waveforms of the motor drive 1 under an open winding fault 
in the phase C.  
Single Current and Voltage Sensor Fault 
The simulation results given in Figure 5.13 and Table 5.6, examine the performance of 




voltage sensor failure.  These sensors are utilized to measure the winding current or 
terminal voltage of a phase. The gain in each sensor was set to 10 times greater than the 
original sensor gain to simulate the sensor failure. As it can be seen in the simulation 
results,  even  under  a  single  sensor  failure,  the  two phase  based  position  estimation 
technique can estimate rotor position values with small RMS position estimation errors 
of 0.013 rads utilizing  only  a healthy pair consisting of phases  B and C. It can be 
reported that using the adoption of the modified PLL, the predicted rotor position is 
locked  into  the  phase  of  the  flux  linkage  increment.  Hence,  the  two phase  method 
cannot lose the auto correction ability, which is essential in the position error correction 
and  self starting.  This  ensures  that  the  estimated  rotor  position  can  be  used  to 
implement a closed loop control in real time. 
However,  the  three phase  based  position  estimation  scheme  failed  to  achieve 
reasonable  accurate  rotor  position  estimates.  Similarly,  the  two phase  position 
estimation method could not obtain correct rotor position information using two faulty 













(a) a current sensor fault in phase A 
 
(b) a voltage sensor fault in phase A 
Figure 5.13 Performance of the position estimators in the motor drive 1 under (a) a 
current sensor fault (with 10 times greater gain) in phase A, (b) a voltage sensor fault 




Table 5.6 RMS position estimation errors under a current or a voltage sensor fault in 
Phase A (introducing a gain that is 10 times greater compared to its original value) 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
Phase a b: before/after  0.0131/0.836   
Phase b c: before/after  0.0126/0.0126   
Phase c a: before/after  0.0124/large   
Current Sensor 
Fault  
in Phase A 
Total: before/after  0.0098/large  0.008/0.743 
Phase a b: before/after  0.0131/1   
Phase b c: before/after  0.0126/0.0126   
Phase c a: before/after  0.0124/0.722   
Voltage Sensor  
Fault  
in Phase A 
Total: before/after  0.0098/0.482  0.008/0.666 
 
Note  that  only  three  faults  (winding open  circuit  fault,  current  sensor  fault  and 
voltage  sensor  fault)  were  demonstrated  in  this  research.  The  other  faults  such  as 
inverter  faults  (power  device  short circuit,  power  device  open circuit  and  DC  link 
capacitor failure), winding faults (due to winding short circuit at the terminals, turn to 
turn  short circuit  in  a  phase  winding,  phase to phase  short circuit,  phase to ground 
short circuit, and winding open circuit), current or voltage sensor failures, faults in the 
controller, and power supply faults, can be considered in the study. 
However, to be able to study such faults, it is necessary to detect them by using a 
fault detection method and remove these faults in order to avoid the propagation of the 
fault to the other healthy phases using various remedial post fault strategies. Then, the 
rotor  position  estimators  can  utilize  remaining  healthy  phases  to  estimate  the  rotor 
position. However the fault detecting methods and the remedial strategies for the fault 
tolerant motor drives were beyond the scope of this thesis as they were covered in [14]. 
 
5.6 Conclusions 
In order to obtain the rotor position information indirectly in the fault tolerant three 
phase surface mounted sinusoidal PMAC motor drive with redundancy, a three phase 




The position estimation methods are based on the flux linkage increments which utilize 
the measurements of the phase currents and the voltages of the motor drive. 
As the name suggests, the three phase estimation method utilizes the measured data 
from all three phases in each motor module to obtain a single rotor position estimate 
producing  a  total  of  two  rotor  position  estimates.  However,  the  two phase  position 
estimation method utilizes the measurements from a pair of phases resulting in a total of 
three rotor position estimates in each motor module. This results in a total of six rotor 
positions in a motor drive containing two three phase motor modules. 
In the position estimation methods proposed the position estimates are averaged to 
obtain a final rotor position estimate. In the case of a fault however, only the healthy 
phase(s) are used to calculate the final position. 
In order to validate the effectiveness of the position estimation methods, studies were 
also carried out both under normal and faulty operating conditions using phase voltages 
and currents obtained from simulations. In the simulation study the Simulink models of 
the motor drive developed in the previous chapter were utilized. The simulation studies 
included both dynamic and steady state operation of the motor drive. 
As a result of this study, the characteristic features of the proposed fault tolerant 
sensorless position estimation techniques can be listed as: 
￿  Both position estimation methods show acceptable steady state performance 
at  high  and  low  speeds.  However,  it  was  observed  that  the  position 
estimation error is significantly larger at low speed than at high speed. 
￿  The  position  estimators  demonstrated  good  dynamic  performance  under 
starting from standstill and step load changes, and produced similar position 
accuracies. As expected during the starting process the position estimation 
errors were larger initially but improved at higher speeds. 
￿  The methods were also tested for motor parameters changes and it was found 
that  errors  in  the  back  EMF  constant  affects  the  position  error  more 
significantly than errors in the resistance and the inductance of the windings. 
￿  The  robustness  against  measurement  errors  were  also examined  including 




that the voltage sensor gain errors resulted in the largest position estimation 
errors, but the estimation errors were again acceptable. 
￿  In both methods, the rotor position estimators displayed good performance 
even  starting  with  an  incorrect  initial  rotor  position  (2  rad),  and  the 
estimation error reduces to an acceptable level within a few electrical cycles. 
￿  As  stated  previously,  both  methods  can  provide  multiple  rotor  position 
estimates in a dual module drive hence increase the reliability. 
￿  Although both position estimation techniques operate reliably, the two phase 
position estimation method has a greater degree of fault tolerance than the 














































6. Analysis of the Position Estimators using the 
Real Time Off-Line Data 
6.1 Introduction 
As shown in Chapter 5, in order to examine the performance of the proposed sensorless 
methods  for  the  fault tolerant  PMAC  motor  drive  with  redundancy,  computer 
simulation  studies  were  done  using  Simulink  and  the  results  demonstrated  the 
effectiveness  of  the  methods  under  normal  and  faulty  conditions.  However,  due  to 
measurement and motor model inaccuracies, it is crucial to test the proposed methods 
under real operating conditions.  
Therefore tests were done using the actual hardware where extensive real time data 
was captured for processing in the position estimators. The operating conditions in the 
real  time  tests  include  steady state  operation  at  low  and  high  speeds,  starting  from 
standstill, step load changes, parameter variations, measurement errors, starting with 
incorrect initial rotor position data, an open circuited fault in a single phase winding and 
a failure of one of the current or voltage sensors. 
In the tests, the fault tolerant PMAC motor drive system developed in [14] is utilized. 
The experimental setup was identical to the simulated drive: two fault tolerant PMAC 
motor drives on a common shaft, H bridge type inverter per phase and a common DC 
power  supply,  three  current  measurement  circuits  and  a  DSP based  (Digital  Signal 
Processor) motor controller for each motor module. An incremental encoder was also 
mounted on the rotor shaft to provide the actual rotor position which is utilized for 
current  commutation  in  the  motor  drive.  The  position  sensor  data  is  also  measured 
during the tests to compare with the estimated values. To provide a load for the motor 
drive  system,  a  DC  generator  was  mounted  on  the  shaft  of  the  motor and  a power 
resistor and a switch were used to electrically load the motor under test. 
During the tests, one of the motor modules was operated under the torque control 
mode  described in  [14].  Off line  real  data  was  obtained by  a  LabVIEW based  data 
acquisition system. The off line real data captured includes the phase currents, the phase 




As  stated  previously,  the  rotor  position  estimates  are  obtained  using  the  position 
estimation methods that require the measured phase currents and phase voltages. The 
custom written  LabVIEW  software  also  performed  the  off line  position  estimation 
calculation in this study. 
In  this  chapter,  the  experimental  setup  is  explained  briefly,  including  the  data 
acquisition system. Various test results are then given to verify the effectiveness of the 
developed sensorless position estimation methods for the fault tolerant PMAC motor 
drive under normal and faulty conditions.  
6.2 The System Hardware of the Motor Drive 
The photo of the test setup is given in Figure 6.1 and its schematic block diagram is 
presented  in  Figure  2.1.  The  setup  includes  two  fault tolerant  PMAC  motor  drive 
modules  on  a  common  shaft.  An  incremental  encoder  HEDS 5640  with  500  PPR 
(pulses per  revolution) is used to measure the  rotor position. The encoder produces 
square wave signals from channels A and B (90° out of phase) with another signal as an 
index pulse. The encoder outputs are connected to the DSP based motor controllers via 
the  encoder  interface  modules.  The  DC  generator  is  connected  to  a  variable  power 





Figure 6.1 A photo of the fault tolerant motor drive hardware 
Table 6.1 shows some key parameters of the fault tolerant PMAC motor modules in 
the test setup, which are utilized in the rotor position estimators. 
Table 6.1 The motor parameters of the motor modules 
Parameters  Values 
Phase Resistance (R)  0.87 Ω 
Phase Self Inductance (L)  2.1 mH 
Back EMF Constance ( ke)  0.093 V/rad/s 
Number of Pole Pairs (p)  2 
 
As shown before, the three H bridge type inverters are connected to a common dc 
input  source.  Each  H bridge  inverter  utilizes  four  N channel  MOSFETs  (IRF540, 
International Rectifier) with integrated freewheeling diodes. Two types of gate drivers 








DSP based Controllers 
Six H bridge Inverters 
Current  




(IR2121 and IR 2125) are also used in each inverter, which obtain the control signals 
via a four channel opto coupler (TIL919).   
The phase currents are measured by Hall effect type current transducers, LTS 15 NP 
(LEM) that contain signal conditioning circuits to increase the measurement bandwidth 
and  accuracy.    The  current  transducers  have  a  bandwidth  of  100  kHz  with  a 
measurement accuracy of ±0.7 % [96].  
Two Microchip dsPIC30F4011 DSC controllers which are DSP based controllers are 
used  in  the  real time  motor  controllers.  The  dsPIC30F4011  has  a  16 bit  modified 
Harvard architecture, the maximum CPU operation speed of 30MIPS, 2K data memory, 
48K flash memory, and various real time control peripheral interfaces including a 10 bit 
9 channel  A/D  (Analog to Digital)  converter  with  the  maximum  sampling  rate  of  1 
MSPS, a QEI (Quadrature Encoder Interface) module, a PWM module, various DIO 
(Digital Input and Output) ports and two UART communication modules [97]. 
6.3 Data Acquisition and Data Processing 
The schematic diagram shown in Figure 6.2 illustrates the measured quantities in the 
experimental setup. As stated previously, only one of the fault tolerant PMAC motor 
modules  is  operated  under  a  torque  control  mode  and  the  quantities  are  measured 
simultaneously.  
As shown in the figure, in order to perform the torque control of the motor drive 
system, the amplitude of the current command ( m I ) utilized as a torque command is 
applied to the sinusoidal reference current generators. The sinewave generators utilize 
the actual mechanical rotor position ( r θ ) obtained from the encoder mounted on the 
shaft. Each reference phase current (
*
a i , 
*
b i  and
*
c i ) is compared with the corresponding 
actual  phase  current  measured  utilizing  the  current  transducer  of  the  current 
measurement circuit. Then the hysteresis current controllers produce suitable switching 
signals to drive the H bridge inverter to allow the actual phase current to follow the 
reference phase current within the hysteresis band ( h   ). The H bridge inverters in the 





Figure 6.2 The principal block diagram of the torque control of the fault tolerant three 
phase PMAC motor drive and the data acquisition system 
6.3.1 Data Acquisition System 
In order to obtain the phase currents, the phase voltages and the position information 
(encoder pulse signals) in the motor drive, a LabVIEW based data acquisition system is 
constructed which consists of both hardware and software components. The hardware 
components for the data acquisition includes two A/D boards (NI PCI 6110E), one DIO 
board (NI PCI 6534) and a PC (see Figure 6.3). The boards utilized in this study have 
the RTSI
TM (Real Time System Integration bus) lines connected together to synchronize 
the acquired data. Each A/D board can offer four different 12 bit analog input channels 
which can simultaneously sample at a maximum speed of 5 MS/s [98]. The DIO board 
is a high speed, 32 bit, parallel, digital I/O interface to perform pattern I/O and high 
speed data transfer at speeds up to 80 Mbytes/s using onboard memory and is able to 
provide 32 individually configurable DIO lines [99, 100]. 
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Figure 6. 3 The photo of the data acquisition system 
Figure  6.4  shows  the  block  diagram  and  the  front  panel  of  the  developed  data 
acquisition  system  VIs  (Virtual  Instruments).  As  shown  in  the  block  diagram,  the 
graphical source code of the developed program configures the two PCI 6110E boards 
and the PCI 6534 to sample all the required quantities simultaneously. The sampled data 
is stored in a data file whose path can be set on the front panel. The time steps are also 
stored in  s    in the data file. As seen in Figure 6.4 (b), the number of scans (samples) 
and the scan rate (sampling frequency) are defined by the user. In addition, the front 
panel presents the captured data to check its correctness. 
In the hardware, 7 A/D channels are used to measure the three phase currents using 
three  Hall effect  current  transducers,  the  three  phase  voltages  using  the  differential 








Figure 6.4 (a) The block diagram and (b) the front panel of the LabVIEW based data 
acquisition system used for the real time data capturing. 
6.3.2 Principles of the Real-Time Data Processing for Position Estimation 
Figure  6.5  illustrates  two block  diagrams  and the front panel  of  the  custom written 




removed (Figure 6.5 (a)). Then the data is multiplied by the correct gains to obtain the 
actual  values  of  the  phase  currents  and  the  voltages  to  be  utilized  in  the  position 
estimators.  In  addition,  the  unit  of  the  time  information  is  also  converted  from 
microseconds to milliseconds. 
Figure  6.5  (b)  illustrates  the block  diagram  of  the  two phase  and  the  three phase 
position estimators and the estimator for the actual electrical rotor position based on the 
encoder signal. The block diagram has five parts as highlighted by the dashed boxes in 
the figure. Part 1 calculates the three phase flux linkages as expressed in Section 5.2 
utilizing the phase currents, phase voltages, sampling time (10 us) and using the motor 
parameters. The section also utilizes the initial phase currents. 
In  Part  2  the  two phase  position  estimation  method  is  implemented  as  given  in 
Section 5.2. This part utilizes the phase flux linkage increments obtained in Part 1. The 
three rotor position estimates using the three pairs of phases are also calculated in this 
part. Similarly, the three phase position estimation method proposed in Section 5.3 is 
implemented to obtain a single rotor position estimate in Part 3 where the proportional 
gain was set to 1 in the PLL.  
To obtain the actual rotor position, Part 4 counts the rising edges of the Channel A 
encoder signal. The initial position value was obtained from the actual winding current 
waveform in phase A since this current is controlled to be in phase with the back EMF 
of the same phase by the real time controllers [14]. 
Finally, Part 5 calculates the position estimation errors that are used to determine the 
accuracy of the position estimators. 
The front panel in Figure 5 (c) controls the path of the captured data file and displays 
the analysis results obtained from the real off line data. The data graphed by this panel 





















Figure 6.5 The block diagrams ((a) and (b)), and (c) the front panel of the custom 
LabVIEW VIs of the two phase and the three phase position estimation methods. 
6.4 Experimental Results 
In  order  to  validate  the  feasibility  of  the  developed  position  estimation  techniques, 
extensive experimental tests were performed under various operating conditions. The 
operating conditions included steady state operation at low and high speeds, parameter 
changes, measurement errors, dynamic operation including starting from standstill and 
step load changes, and operation under faults (one phase winding open circuit and a 
single current or single voltage sensor failure).  
During the tests the amplitude of the reference current was set to 3.5A, the hysteresis 
bandwidth of the hysteresis current controllers was 0.8A, the DC link power supply 
voltage of the inverters was 20V, and the sampling frequency in the data acquisition 
system was 100 kHz.  
The  resistive  load  (13.5    )  was  not  connected  to  the  DC  generator  during  the 




one phase winding open circuit condition. However, the load was connected under the 
steady state speed test at 300 rpm. To conduct the step load changes on the motor drive, 
the load was removed or added during operation.  
Note that in the captions of the figures illustrating the results of the off line real data 
a i ,  b i  and  c i  represent  the  measured  phase  currents,  a v ,  b v  and  c v  are  the  measured 
phase voltages,  actual θ  indicates the actual electrical rotor position in the motor module 1. 
In the two phase sensorless position estimation method,  ab θ ,  bc θ  and  ca θ   denote the 
electrical rotor position estimates obtained from the phases A B, B C and C A;   ab ε ,  bc ε  
and  ca ε  are the position estimation errors obtained from phases A B, B C and C A,  ph 2 θ  
and  ph 2 ε  represent the electrical rotor position estimate and the estimation error of the 
motor module 1 respectively. In the three phase position estimation method,  ph 3 θ  and 
ph 3 ε  represent the electrical rotor position estimates and the estimation error of motor 
module 1 respectively. 
6.4.1 Steady-State Test Results 
To examine the steady state performance of the proposed indirect position estimation 
methods under low speed operation (300 rpm), a set of results are given in Figure 6. 6. 
In this test, while the motor was operating at 300 rpm, it was loaded by the resistor load 
connected to the DC generator.  
As it can be seen in the figure, in this mode of operation the measured phase currents 
( a i ,  b i ,  c i ) present sinusoidal waveforms controlled within a hysteresis bandwidth of 0.8 
A and the measured phase voltages ( a v ,  b v ,  c v ) varies between the dc link voltage ± 20 
V.  Figure  6.6  also  shows  the  three  rotor  position  estimates  ( ab θ , bc θ  and  ca θ ),  the 
corresponding  estimation  errors  ( ab ε , bc ε , ca ε ),  an  averaged  rotor  position  estimate 
( ph 2 θ ) and its estimation error ( ph 2 ε ) obtained from the two phase position estimation 
technique in the motor module 1. In addition, the rotor position estimate ( ph 3 θ ) and its 
estimation error ( ph 3 ε ) for the motor module 1 are given by the three phase position 





The shape of the waveforms obtained with offline voltage current data (Figure 6.6) 
matches well with those obtained previously with simulated data (Figure 5.4).  The 
measured current ripple is somewhat larger than predicted however this could be due to 
measurement noise.  It can also be seen that with simulated data, the position errors for 
the three two phase estimates are similar while with offline data there are significant 
differences between the phases with the a b result showing the largest errors.  This is 
likely to be due to differences in the motor parameters or sensor errors between the 
phases. 
The three two phase rotor position estimates were averaged to obtain a better accurate 
final rotor position estimate as observed in Figure 6.6. As was seen with the simulated 
data,  the  rotor  position  estimate  obtained  with  the  three phase  position  estimation 
method had a smaller RMS estimation error of 0.11 rads than the two phase position 













Figure 6.6 Steady state test results of the motor drive 1 at a low speed of 300 rpm from 
the top: (a) phase currents and voltages (b) actual and estimated rotor positions (c) 3ph 
estimated rotor position and position errors 
The high speed (2100 rpm) steady state test results are given in Figure 6.7. In this 
mode of operation the resistive load is not connected to the generator to reduce the load 
torque hence to increase the speed of the motor. 
The  offline  test  waveforms  show  a  good  correspondence  with  the  results  with 
simulated  voltage current  data  as  seen  previously  in  Figure  5.5.    In  particular  the 
distortion in the phase current due to the high back emf voltages is predicted accurately..  
 As previously presented in the computer simulation results of Figure 5.5, the offline 
results in Figure 6.7 illustrate that the position estimates obtained using both methods 
have better accuracy than the low speed results. It was also found that the three phase 
position estimation method had better accuracy than the two phase position estimation 
method where the RMS estimation errors were 0.019 and 0.022 rads respectively as 
seen in Table 6.2. However, the offline estimation errors are generally two to three 
times larger than those obtained under the previous computer simulation test. This is 











Figure 6.7 Steady state performance of the motor drive 1 at high speed operation (2100 
rpm). From the top: (a)  a i ,  a v ,  b i ,  b v ,  c i ,  c v , (b)  act θ ,  ph 2 θ ,  ph 2 ε ,  ph 3 θ ,  ph 3 ε . 
Table 6.2 RMS position estimation error in computer simulation and offline tests 
under low and high speed steady state operation 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
Phase a b: sim/offline  0.0551/0.261   
Phase b c: sim/offline  0.0594/0.171   
Phase c a: sim/offline  0.0657/0.130   
Low Speed 
Total: sim/offline  0.0434/0.150  0.0362/0.110 
High Speed  Total: sim/offline  0.0098/0.0221  0.008/0.0193 
 
Effect of Incorrect Initial Rotor Position under Steady-State Operation 
To study the effect of an incorrect initial rotor position data in the estimators, a test was 
also performed using the off line data obtained in Figure 6.6. An initial rotor position 
error of 2.5 radians was introduced to the original initial rotor position and the results 
are given in Figure 6.8. As it can be seen in the figure, the initial phase differences of 
the position estimates obtained in both methods were compensated in the first electrical 
cycle  due  to  the  PLL  method  adopted  in  the  sensorless  algorithms.  The  results  are 
similar to those obtained using simulated data which were shown earlier in Figure 5.6. 
After the error was compensated for by the PLL method, the rms error was comparable 





Figure 6.8 Performance of motor drive 1 at 2100 rpm while starting with an incorrect 
initial rotor position.  
Parameter Variations and Measurement Errors 
To  investigate  the  robustness  of  the  proposed  estimation  methods  under  parameter 
variations and measurement errors, an extensive number of tests were also performed at 
a  constant  speed  of  2,100  rpm.  In  these  tests,  the  phase  resistances,  the  phase 
inductances and the back EMF constant used in the estimator were varied by ±30% 
with respect to their original values. Figure 6.9 and Table 6.3 illustrate the position 
estimation errors obtained using the two proposed position estimation methods. It is 
concluded that both methods have robustness against the parameter variations where the 
most critical parameter is the back EMF constant errors and where the phase resistance 
errors  produce  the  smallest  resultant  position  estimation  errors.  These  observations 
match those found in the previous computer simulation tests shown in Figure 5.7. The 
position estimation errors with the offline test data are generally between 0 to 50% 





(a) +30 % resistances ( R × 3 . 1 ) 
 
(b)  30 % resistances ( R × 7 . 0 ) 
 
(c) +30 % inductances ( L × 3 . 1 ) 
 





(e) +30 % back EMF constants ( e k × 3 . 1 ) 
 
(f)  30 % back EMF constants ( e k × 7 . 0 ) 
Figure 6.9 Steady state performance of the position estimators at 2100 rpm for the 
















Table 6.3 RMS position estimation error in computer simulation and offline tests under 
parameter variations 
RMS Position Estimation Error (rad)   
Two Phase Method  Three Phase Method 
No Parameter Errors: sim/offline  0.0098/0.0221  0.008/0.0193 
Resistance ±30%: sim/offline  0.0186/0.0276  0.0212/0.0292 
Inductance±30%: sim/offline  0.03425/0.037  0.0336/0.0327 
Back EMF Constant ±30%: sim/offline  0.133/0.135  0.160/0.200 
 
Figure  6.10  and  Table  6.4  present  the  position  estimation  errors  obtained  under 
inaccurate measurements during high speed operation (2,100 rpm). In this test, the gains 
of the measured quantities (voltage and current) were varied within ±10 % of their 
original values. In addition, the offsets of the current sensors were set to  3 . 0 ± A and the 
voltage sensor offsets were  2 ± V.  As already found in the simulation studies seen in 
Figure 5.8 and Table 5.5, it can be observed from the test results of Figure 6.10 that 
errors in the gain generate larger estimation errors than in the case of the offset errors in 
each sensor for both methods. Particularly, the voltage sensor gain errors are the most 
serious factor. In addition, the three phase method is almost insensitive to the offset 
errors of both sensors. However, the two phase method is more sensitive in the voltage 
sensor offset errors than the current sensor offset errors. Furthermore, the current offset 
error produces the least estimation errors in both techniques.  This is likely to be due to 






(a) +10 % current sensor gains ( i k × 1 . 1 ) 
 
(b)  10 % current sensor gains ( i k × 9 . 0 ) 
 
(c) +0.3A current sensor offsets 
 





(e) +10 % voltage sensor gains ( v k × 1 . 1 ) 
 
(f)  10 % voltage sensor gains ( v k × 9 . 0 ) 
 
(g) +2V voltage sensor offsets 
 
(h)  2V voltage sensor offsets 
Figure 6.10 Steady state test results at 2100 rpm and under measurement errors. From 




Table 6.4 RMS position estimation error in computer simulation and offline tests 
under inaccurate measurements 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
No Measurement Errors: sim/offline  0.0098/0.0221  0.008/0.0193 
Gain ±10%: sim/offline  0.0188/0.0267  0.0191/0.0249  Current 
Sensor  Offset ±0.3A: sim/offline  0.00995/0.0223  0.008/0.0193 
Gain ±10%: sim/offline  0.0586/0.0632  0.0717/0.0845  Voltage 
Sensor  Offset ±2V: sim/offline  0.0203/0.037  0.008/0.0193 
 
6.4.2 Dynamic-State Operation 
In  order  to  examine  the  dynamic  operation  performance  of  the  position  estimation 
methods for the fault tolerant PMAC motor drive, several experimental tests were also 
done when starting from standstill and under step load changes. In the starting test, the 
effect of the incorrect initial rotor position value was also examined. In the results, the 
measured  phase  currents,  the  phase  voltages,  the  actual  rotor  position,  the  position 
estimates and the position errors are given for both position estimation methods. 
Figure 6.11 shows a set of test results obtained from motor module 1 during the 
starting of the motor drive. This test was initiated by tuning on the DC link voltage 
supply of the inverter. The results in Figure 6.11 illustrate the phase current waveforms 
and the corresponding voltage waveforms of all three phases of the motor module 1. As 
can be seen in the figure, although the position estimation errors are larger initially, they 
are compensated quickly within the first electrical cycle due to the automatic correction 
capabilities  in  both  techniques.  These  large  errors  were  not  seen  when  using  the 
simulated  voltage current  data  in  Figure  5.9  though  the  high speed  steady state 
performance is more comparable. A possible reason for this is that the algorithms are 













Figure 6.11 Starting performance of the motor drive 1. From the top: (a) phase currents 
and voltages (b) actual and estimated 2ph rotor positions (c) 3ph estimated rotor 
position and position errors 
To explore the effect of an incorrect initial rotor position value while starting from 
standstill the measured voltage and the current waveforms in Figure 6.11 are utilized to 
estimate the rotor position using the two phase and the three phase position estimation 
methods. It was assumed in this test that the starting position data was in error by 2 rad. 
It is seen in Figure 6.12, that the rotor position estimates in both methods converge 
quickly to the actual rotor position within the first electrical cycle due to the automatic 
correction  capabilities  of  the  estimation  algorithms.  Similar  results  were  seen  with 











Figure 6.12 Starting performance of the motor drive 1 with an initial position error of 2 
rad. From the top: (a) actual and estimated 2ph rotor positions (b) 3ph estimated rotor 
position and position errors 
In Figures 6.13 and 6.14, two sets of test  results are presented to investigate the 
dynamic performance of the sensorless position estimation methods under a step load 
change  in  the  motor  drive.  In  the  first set  of  results  a  deceleration  of  the  motor  is 
demonstrated (which is similar to the simulation results given in Figure 5.11). In this 
operating mode while the motor was operating at a steady state speed of 2,100 rpm, a 
step load was applied at about 0.15s by connecting a resistive load to the DC generator. 
As  can be  seen  in  the  figure,  the phase  current  waveforms  were  distorted  until  the 
instant of the step load due to the high back EMF voltage. However, as the motor speed 
is  reduced due  to  addition  of  load,  the  distortion in  the phase  currents  are  reduced 
significantly. However, it was observed that the estimation error increases slightly after 
the step load as shown in Figure 6.13, which also confirms the simulation results in 
Figure 5.11. Note that although these results indicate a poor dynamic performance in 
terms of torque control the estimated position is still at the acceptable levels which can 








Figure 6.13 Dynamic performance of the motor drive 1 with a step load change 
(deceleration test). From the top: (a) phase currents and voltages (b) actual and 
estimated position and errors. 
Figure 6.14 shows another set of test results to examine the acceleration performance 
of the motor drive as illustrate in Figure 5.11 simulation results. In this test, while the 
motor was operating at a speed of 300 rpm, the generator load was removed at about 
0.25s, which resulted the motor speed to increase to about 1500  rpm. As it can be 
observed, the position estimation error decreased slightly after the load was removed, 
which is a desirable outcome. It should be noted here that the offline results given in 
Figure 6.13 and 6.14 were selected to be consistent with the simulation studies and they 
confirm  the  effectiveness  of  the  position  estimation  methods  under  such  extreme 











Figure 6.14 Dynamic performance of the motor drive 1 with a step load change 
(acceleration test). From the top: (a) phase currents and voltages (b) actual and 
estimated position and errors. 
6.4.3 Operation under Faults 
To investigate the capabilities of the proposed position estimation methods under faults 
as carried out in the simulation study in Figure 5.12, a number of tests were performed 
using the off line real data. Figure 6.15 illustrates the performance of the two position 
estimation techniques under a one phase winding open circuit fault of the motor module 
1. While the motor was rotating at a steady state speed of 2,100 rpm, Phase C of the 
motor  module  1  was  open circuited  at  0.51s  where  it  was  assumed  that  the  fault 
occurred after the voltage sensor measurement point. As can be seen in the results, the 
phase current in Phase C becomes zero and the terminal voltage of the corresponding 
phase becomes the back EMF voltage induced in the phase after the failure. As the 
voltage  measurement  for  the  open circuited  phase  was  still  available,  the  position 
estimation  techniques  were  not  affected  by  this  fault  and  the  estimated  position  is 













Figure 6.15 Performance of the position estimators under an open winding fault in the 
phase A. From the top: (a) phase currents and voltages (b) actual and estimated 2ph 
rotor positions (c) 3ph estimated rotor position and position errors 
A single sensor fault in a current sensor or a voltage sensor was also introduced 
during the offline study like the previous simulation test seen in Figure 5.13. Two tests 
were carried out as shown in Figure 6.16. In order to simulate a current sensor fault, the 
gain of the single current sensor (Phase A of the motor module 1) was increased by a 
factor of 10 times (compared to the original gain). Similarly, the gain of the voltage 
sensor of the same phase was increased 10 times to simulate the voltage sensor fault. 
Figures 6.16 (a) and (b) show the results obtained from the above mentioned tests. 
The  results  indicate  that  the  two phase  position  estimation  method  failed  to  obtain 
accurate rotor position estimates using a pair of phases which included the faulty phase 
A (such as Phases A B and Phases C A). However, an accurate rotor position estimate 
was possible using the healthy pair of phases (Phases B C) of the motor module 1 where 
RMS value of the estimation errors were 0.077 rads in both tests. On the other hand, the 
three phase position estimation method cannot operate effectively under such fault since 
it utilizes measurements obtained from all three winding phases including the faulty 





(a) a current sensor fault in Phase A 
 




Figure 6.16 Operation performance of the motor drive 1 under (a) a current sensor fault 
in Phase A and (b) a voltage sensor fault in Phase A.  
Table 6.5 RMS position estimation error in computer simulation and offline tests under 
a current or voltage sensor fault in Phase A 
RMS Position Estimation Error (rad) 
 
Two Phase Method  Three Phase Method 
Phase a b: sim/offline  0.836/0.785   
Phase b c: sim/offline  0.0126/0.0772   
Phase c a: sim/offline  large /large   
Current Sensor 
Fault  
in Phase A 
Total: sim/offline  large /large  0.7432/0.698 
Phase a b: sim/offline  1/0.953   
Phase b c: sim/offline  0.0126/0.0772   
Phase c a: sim/offline  0.7722/0.644   
Voltage Sensor  
Fault  
in Phase A 
Total: sim/offline  0.482/0.464  0.666/0.651 
 
6.5 Conclusions 
In  order  to  prove  the  effectiveness  of  the  proposed  two phase  and  the  three phase 
sensorless position estimation methods, an extensive number of tests were performed 
using  the  real  motor  drive.  The  hardware  of  the  fault tolerant  PMAC  motor  drive 
consisted of two fault tolerant PMAC motor drives on a common shaft including six H 
bridge inverters, the current measurement circuits and two DSP based motor controllers. 
An incremental encoder was attached to the rotor to obtain the actual rotor position for 
the control system and to estimate the position error. The hardware also included a DC 
generator on the shaft whose load was changed via a resistor/switch arrangement (to 
simulate the step load change). 
During the tests, the motor drive was operated in torque control mode and the phase 
currents, the phase voltages and the encoder signals were sampled simultaneously by 
the LabVIEW based data acquisition system, where the measured data was saved for 
off line processing. The measured phase currents and the phase voltages were utilized to 




also implemented in LabVIEW. Finally, the rotor position estimates were compared 
with the actual rotor position obtained from the encoder. 
As  studied,  in  the  two phase  position  estimation  method,  three  rotor  position 
estimates  were  obtained  by  using  the  phase  currents  and  the  phase  voltages.  Each 
position estimation consisted of a pair of neighbouring phases, such as A B, B C and C 
A. Under normal operating conditions (no fault) in the motor drive, the three position 
estimates  were  averaged  to  obtain  a  single  more  accurate  rotor  position  estimate. 
However,  the  three phase  position  estimation  technique  provided  only  one  rotor 
position estimate per module since it utilizes the measured phase currents and the phase 
voltages from all three phases. 
In order to investigate the steady state performance of the methods, the motor was 
operated at a constant speed of 300rpm (considered as low speed) and a constant high 
speed of 2100rpm. From the off line test results, it was observed that the RMS position 
estimation errors obtained at low speeds was around 0.11 to 0.15 rads which reduced to 
about 0.02 rads at higher speeds. However, the position errors were found acceptable in 
both cases.  In addition, it was observed that both position estimation methods have 
similar accuracy under the steady state speeds. 
As the proposed position estimation techniques rely on the motor parameters (i.e. the 
phase resistances, the phase inductances and the back EMF constants) and the measured 
phase  currents  and  phase  voltages,  the  parameter  variations  and  measurement 
inaccuracies  were  also  considered  in  this  chapter  to  examine  the  robustness  of  the 
methods. It was concluded that the methods are robust enough against such changes, but 
more sensitive to errors in the back EMF constant than the other motor parameters. The 
position  estimation  errors  due  to  the  variations  of  the  parameters  were  found 
satisfactory. 
The measurement inaccuracies were simulated by changing the gains and the offsets 
of both the current and voltage sensors. It was concluded that the gains of the voltage 
sensor measurements caused the largest errors in the rotor position estimates in both 
position estimation methods. The RMS position errors were 0.063 rads for the two 
phase  position  estimator  and  0.085  rads  for  the  three phase  position  estimator 




In order to study the dynamic performance of the position estimation methods, the 
motor was also started from standstill, and tested under step load changes. In these tests, 
the  proposed  methods  demonstrated  good  dynamic  performance  and  also  good 
accuracies in the position estimates using the off line real data. It was also observed that 
the estimation errors were large at start but reduced quickly (within one electrical cycle) 
to an acceptable value due to the PLL method adopted. 
The effect of a large incorrect initial rotor position in the estimation was also studied 
using  the  off line  data  captured  during  dynamic  and  steady state  operation.  The 
operating  conditions  in  this  part  included  starting  from  standstill  and  operation  at 
steady state high speed. The test results demonstrated that the estimation techniques can 
track the real position even if the initial value of the rotor position is incorrect. As 
shown, this initial phase difference (2 rad) was compensated within the first electrical 
cycle. These results demonstrate that the proposed rotor position estimation methods 
have the capability to estimate the rotor position value even when the motor starts from 
an unknown value of the rotor position.  
Several  tests  using  the  measured  off line  data  were  also  done  in  this  chapter  to 
examine the performance of the position estimation methods under a single winding 
open circuit fault, a current sensor and a voltage sensor fault. In the single winding 
open circuit fault, both proposed estimation techniques generate accurate rotor position 
estimates due to the presence of the back EMF voltage in the faulty phase after the fault. 
In a single current sensor or a voltage sensor fault however the three phase sensorless 
position estimation method and the two phase sensorless position estimation method 
failed to obtain an effective rotor position estimate due to using information from the 
faulty phase. However, it was shown that the two phase sensorless position estimation 
method was able to calculate the rotor position accurately using the healthy phases only. 
It can be concluded from the results that both position sensorless methods show good 
performance  over  a  wide  range  of  operating  conditions.    However  the  three phase 
method can not obtain an acceptable level of rotor position estimate when a fault occurs. 
It was shown that the two phase method can estimate the rotor position value accurately 
using  a pair  of phase  measurements  consisting  two  healthy phases  in  a  three phase 




position estimation method has better reliability than the three phase sensorless position 
estimation method.  
It should be noted here that the three phase position estimation method has in general 
better  performance  than  the  two phase  position  estimation  method.  As  it  was 
demonstrated, under the back EMF constant variation and voltage sensor gain error, 
however, the three phase method presents larger estimation errors than the two phase 
method.  This  is  due  to  the  fact  that  back  emf  constants  have  greater  effect  on  the 
position  increment  estimation  than  the  parameter  variations  or  measurement 
















7. General Conclusions and Suggestions for the 
Future Study 
7.1 Summary of Thesis 
In this thesis, position estimation methods were developed to obtain the rotor position 
information for fault tolerant PMAC motor drives with redundancy for safety critical 
applications  under  normal  and  faulty  operating  conditions.  The  fault tolerant  motor 
drive  system  had  dual  motor  drive  modules  on  a  common  shaft  to  give  parallel 
redundancy. Each module contained electrically, magnetically, thermally and physically 
independent  phases  to  provide  inherent  fault tolerant  capabilities.  The  following 
statements provide a general summary of the thesis. 
In order to give a theoretical basis for the study, Chapter 2 introduced the operating 
principles  and  control  techniques  for  the  fault tolerant  PMAC  motor  drive  with 
redundancy utilized in the thesis. This contained two fault tolerant PMAC motor drives 
on a common rotor shaft giving parallel redundancy. Each PMAC motor drive adopted 
a  special  design  methodology  to  provide  electrical,  magnetic,  thermal  and  physical 
independence  between  winding  phases  so  that  it  had  inherently  fault tolerant 
capabilities. In addition, each motor drive used three H bridge inverters. Furthermore, 
Chapter 2 described the torque control, closed loop current control scheme and current 
excitation for the motor drive.   
Chapter  3  provided  a  comprehensive  survey  of  sensorless  position  estimation 
methods  to  obtain  the  rotor  position  without  using  a  position  sensor  and  starting 
techniques  in  PMAC  motors.  The  position  estimation  techniques  can  be  broadly 
classified into three groups. Firstly, the rotor position information is determined from 
the back EMF. This includes schemes based on the back EMF induced in the unexcited 
stator  winding,  the  third  harmonic  component  of  the  back  EMF  of  the  open circuit 
phase winding or detecting the conduction states of freewheeling diodes of the inverter 
in the unexcited phase in a trapezoidal PMAC motor. However, these approaches have 
limited performance at low speeds since the magnitude of back EMF is small. Therefore, 
they require special starting schemes.  
Secondly, a number of position estimation methods have utilized both knowledge of 




to  obtain  the  rotor position.  They  were  generally  based  on  state  observers,  Kalman 
filtering methods, to estimate the flux linkages. These methods however depend on the 
accuracy of the measured currents or voltages and also are sensitive to motor parameter 
variations  due  to  temperature  or  saturation.  In  addition,  the  techniques  are 
computationally  intensive  and  hence  require  expensive  and  powerful  processors.  In 
these techniques, the drift due to the use of integration functions degrades performance 
at low speeds. 
Finally, a range of position detection methods were based on detecting the magnetic 
saliencies due to the geometric construction as in the case of salient pole PMAC motors 
or saturation effects as in the case of surface mounted PM motors to determine the rotor 
position information. While a few methods have tracked the inductance variation with 
respect to the rotor position without using any special signal injection, a number of 
methods have made use of injected signals such as pulse or sinusoidal signals for using 
the magnetic saliencies of salient or non salient PMAC motors. The most important 
advantage of the approaches based on the magnetic saliencies is that they are able to 
estimate the rotor position at low speeds including zero speed. Also, the methods are 
less sensitive or completely insensitive to parameter variations of the motor. However, 
the rotor position detection may depend on the rotor geometry as the techniques are 
based on the magnetic saliencies. Due to iron saturation, the methods may be limited to 
part  loads.  Also,  the  techniques  demonstrate  a  limited  performance  in  high  speed 
regions due to the effect of back EMF. 
As seen in the literature review in Chapter 3, a lot of methods have been proposed to 
estimate  the  rotor  position  for  PMAC  motors.  However,  the  developed  sensorless 
methods chiefly have been applied to conventional PMAC motors. Thus, they may not 
be directly applicable to the fault tolerant PMAC motor drive with redundancy utilized 
in the thesis. Also, most of them have not considered faulty conditions in the motor 
drives and are not able to provide redundant rotor position information which is vital to 
improve the reliability and the fault tolerant capability of the motor drive. 
In order to explore the performance of the fault tolerant PMAC motor drive with 
redundancy, modelling and simulation were conducted in Chapter 4. The mathematical 
modelling involved dual fault tolerant three phase surface mounted PMAC motors with 
sinusoidal back EMF voltages and H bridge inverters where each phase was excited 




signals for a corresponding H bridge inverter. The motors were modelled by voltage, 
torque and motion equations in the abc reference frame where the voltage equations 
were utilized to develop the sensorless position estimation methods later in the thesis.  
Based  on  the  developed  modelling,  simulation  models  using  a  graphical 
programming language, Simulink
TM were employed to study the steady and dynamic 
performance of the motor drive system. This included low and high speed operation and 
starting from standstill. 
In Chapter 5, two position estimation schemes were proposed to obtain rotor position 
information without using a position sensor for the fault tolerant PMAC motor drive 
with redundancy. These techniques had the capability to achieve multiple available rotor 
position  estimates  under  normal  and  faulty  conditions  in  the  motor  windings,  the 
inverters or sensors and hence increasing both the reliability and the fault tolerance of 
the drive system.  They are referred to as the three phase and the two phase sensorless 
position estimation methods. 
Both  algorithms  utilize  measurements  of  the  voltages  and  currents  in  the  stator 
winding  phases.  Using  the  measured  data,  the  flux linkage  increments  of  the  phase 
windings are computed directly without an integration process. Next, the rotor position 
increments can be calculated using the flux linkage increments as well as knowledge of 
the  back  EMF  functions.  These  are  assumed  to  be  sinusoidal  functions  with  unity 
magnitude. It should be noted that the back EMF voltages are divided into two sub parts, 
the back EMF functions and their amplitudes which are proportional to the mechanical 
rotor  speed.  After  that,  the  rotor  position  can  be  predicted  by  integrating  the  rotor 
position increments. This predicted position value should be precise in an ideal motor 
drive system.  However, due to motor parameter variations and measurement errors in a 
practical motor drive, errors will be produced in the rotor position increment estimates 
and accumulated in the integration procedure used to obtain the predicted rotor position. 
In order to compensate for these errors, a phase locked loop (PLL) scheme is employed 
to allow the predicted rotor position to be locked on to the flux linkage increments. This 
produces a more accurate rotor position estimate. 
The three phase sensorless position estimation algorithm utilizes the measured data 
from all three phase windings in each motor drive module. As a result, it can obtain two 




with redundancy. However, the two phase sensorless position estimation technique is 
based  on  the  measurement  of  values  from  two phases  in  each  motor  drive  module. 
Consequently, it is able to produce three rotor position estimates for each module and 
hence six rotor position estimates are available for the dual motor drive modules. Under 
normal operating conditions, all available position estimates can be averaged to achieve 
a  final  accurate  rotor  angle  estimate  in  both  algorithms.  However,  under  faulty 
conditions,  a  final  rotor  position  estimate  can  be  obtained  by  averaging  position 
estimates obtained by using the measured values from healthy phases since position 
estimates obtained with the measurements from a phase (or phases) involving a failure 
will not produce acceptable position estimates. 
In order to verify the effectiveness of the proposed position estimation schemes for 
the fault tolerant PMAC motor drive with redundancy, computer simulation and off line 
studies  were  carried  out  under  healthy  and  faulty  conditions  in  the  motor  drive  in 
Chapters 5 and 6. In Chapter 5, simulation models were developed for the proposed 
algorithms and these were tested using simulated voltage and current  data from the 
motor drive model developed in Chapter 4. In Chapter 6, the algorithms were tested 
using  offline  measured  voltage  and  current  data.  This  data  was  obtained  from  a 
prototype system operated in a torque control mode using a data acquisition system. 
7.2 Key Results  
The  simulation  and  off line  test  results  validated  the  effectiveness  of  the  proposed 
position  estimation  methods  under  steady state,  dynamic  and  faulty  operating 
conditions.  Some  features  and  comparisons  of  the  developed  position  estimation 
techniques can be summarized as follows. 
￿  Both sensorless position estimation schemes had the ability to give multiple 
rotor  position  estimates  to  improve  the  reliability  and  the  fault  tolerant 
capability  of  the  motor  drive  system.  Even  under  faulted  conditions  in  the 
motor windings, inverters or sensors, they could obtain accurate rotor position 
estimates utilizing the measurements of phase currents and terminal voltages 
from  healthy  phases  in  the  motor  drive  system.  However,  the  two phase 
sensorless  position  estimation  method  is  more  reliable  than  the  three phase 
sensorless position estimation method as it can give more redundant position 




￿  They were able to obtain accurate rotor position information under steady state 
operation  involving  low  and  high  state  speeds.  However,  the  position 
estimation errors in the low speed test were larger than those of the high speed 
test in both methods.  
￿  They  presented  good  dynamic  performance  and  similar  accuracies  under 
starting  from  standstill  and  step  load  changes.    Though  the  rotor  position 
estimates  had  large  errors  initially  in  the  starting  test,  they  were  quickly 
compensated by the PLL technique utilized in the developed algorithms within 
an electrical cycle. 
￿  Both proposed sensorless methods were robust against parameter variations as 
well as inaccurate measurements. However, both methods in particular were 
more affected by variations of the back EMF constants than the other parameter 
variations. Also, gain errors were more serious than offsets errors in both the 
current and voltage sensors. 
￿  They had the capability to rapidly obtain accurate rotor position estimate even 
when starting with an initially incorrect rotor position angle with a large phase 
difference from the actual rotor position. 
7.3 Suggestions for Future Research 
This thesis has verified the feasibility of the proposed position estimation methods for 
the  fault tolerant  PMAC  motor  drive  with  redundancy  under  normal  and  faulty 
operating conditions. It has carried out modelling, computer simulation and analysis 
using off line real data. Some suggestions can be made for future work as follows: 
￿  Although  the  results  presented  in  this  research  using  the  offline  real  data 
demonstrates a robust and an accurate position estimation method for the fault 
tolerant motor drive, the final performance tests should include a closed loop 
real system. Due to the availability of the resources and time limitations this 
was not covered in this study. In such a real time closed loop control system, 
the sampling rate to measure the phase voltages and the phase currents should 
be sufficiently large (at least six times greater than the switching frequency of 
the  inverter).  In  addition,  the  current  and  the  voltage  sensors  with  high 




Furthermore, faster and more powerful DSP controllers (such as TMS320F281x, 
TMS320F2833x  or  TMS320F2833x  of  Texas  Instruments)  are  required  to 
achieve the computationally intensive estimations. 
￿  As stated earlier in Section 5.5.3, this research requires the integration of the 
research in [14] to be able to obtain a complete fault tolerant motor drive. 
￿  Finally, a reconstruction technique for the phase voltages (such as in [25]) in 
the  stator  windings  can  be  integrated  into  the  proposed  position  estimation 
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